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ABSTRACT
A generalized imaging system geometric model has been incorporated into the
Center for Imaging Science Digital Imaging and Remote Sensing Image
Generation (DIRSIG) software system. The camera model is capable of
simulating the geometric characteristics of frame cameras, line scanners and
pushbroom scanners. The user of the model has the ability to define both the
sensor internal orientation as well as provide time varying external orientation
parameters. The model has been successfully validated through the use of both
diagnostic simulated scenes as well as quantitative comparisons between
actual imagery and simulated imagery.
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1.0 Introduction
Synthetic image generation (SIG) involves generating simulated imagery entirely
from scene, atmospheric and sensor mathematical models. In the field of remote
sensing such SIG systems can be used by sensor engineers to better understand
the imaging systems they intend to build, sensor operators to better understand
and optimize system performance, and exploiters of the image products to better
understand observed phenomenology. SIG is an important tool to each of these
because it obviates the need to build expensive prototype imaging systems,
allows engineers to predetermine the effect of design options on the end product
of the system, and allows for the deterministic adjustment of individual
parameters when attempting to understand physical interactions and imaging
conditions [Raqueho, etal, 1991] [Schott, era/, 1987].
The Digital Imaging and Remote Sensing Image Generation (DIRSIG) model is a
SIG system which has been developed by the Rochester Institute of Technology
Center for Imaging Science (CIS) for the purpose of simulating radiometric
characteristics of remotely sensed imagery. The model uses a combination of the
LOWTRAN 7 radiometry model, the THERM temperature estimation model, and
the SVGM energy/matter interaction model in conjunction with AutoCAD gener
ated three-dimensional scene models to produce simulations showing the effect
of user selected atmospheric, climatic and illumination conditions on scenes of
any desirable spatial and material configuration [Raqueho, etal, 1991]
DIRSIG generates 2 dimensional imagery of the 3 dimensional scene models
through the use of image forming rays generated in accordance with the
geometric constraints of a camera -model. These rays are projected from an
observation station towards a faceted three-dimensional scene. Upon inter
secting a facet, the radiometric characteristics associated with the facet as well
as the path between the observer and the facet are determined. The resulting
radiance at the observer for each of the projected rays is then converted to a
digital count value in accordance with a user specified sensor model.
Prior to the effort described herein, DIRSIG used what is referred to as a pinhole
camera model. With this type of camera model, as seen in Figure 1 , all image
forming rays are projected from a two-dimensional focal plane through a
spatially and temporally invariant point in space. The distance between the
nodal point and the focal plane is by definition the focal length of the pinhole
camera. The spacing of the ray origins on the focal plane determines the
angular separation between individual rays, which, in the case of the DIRSIG




Figure 1, Pinhole Camera Model Representation
The DIRSIG pinhole model is satisfactory for simulating the characteristics of
based frame cameras. However, digital remote sensing applications require the
use of sensors which, for one reason or another, cannot be easily manufactured
as a two-dimensional arrays. For instance, the ground area and resolution
requirements for most remote sensing applications easily exceed the size of the
largest CCD arrays available. Rather, the most common means of collecting
digital remotely sensed information is to scan a relatively small number of
detectors over the area of interest. This method, illustrated in Figure 2, reduces
the cost of the required focal planes as well as solving many of the typical
imaging problems such as detector to detector uniformity and the like [Hotter and
Wolfe, 1959].
^^9ht
Figure 2, A Typical Scanner System
Since these so called scanner systems constitute the majority of digital remote
sensing systems it becomes apparent that the pinhole camera model used by
DIRSIG is inappropriate for the simulation of many digital remote sensing
systems. This document describes an effort which was undertaken to modify the
DIRSIG camera model to better accommodate the simulation of imaging
systems typically used for digital remote sensing applications.
2.0 Background
2.1 DIRSIG History
The Digital Imaging and Remote Sensing (DIRS) laboratory of RIT's Center for
Imaging Science has long been concerned with modeling the propagation of
radiation through the atmosphere [Schott and Schimminger, 1981][Schott and
Volchock, 1985][Bymes and Schott, 1986]. To this end, rudimental simulations
were used in the middle 1980's to aid in the visualization of the effects of the
emissive properties of various materials [Schott, 1986]. These simulations
consisted of two-dimensional silhouettes used in the investigation of detected
contrast across a material interface. As more complicated aspects of the
propagation models came under investigation, so also did the visualization
requirements become more demanding. By 1990, the image simulations were
incorporating 3-D wire frame models and ray tracing capabilities [Warnick, et al,
1990].






The following sections provide a brief description of each of these submodels.
[Schott, etal, 1987][Rankin, 1992].
Scene Geometry Submodel: A given DIRSIG scene, illustrated in Figure 3,
consists of Objects constructed from Parts comprised of Facets. Facets are the
building blocks of CAD generated structures. Facets can have any orientation,
but have only one valid surface, that being defined by a normal vector projected
from it. The purpose of the Scene Geometry Submodel is to provide the
geometric interface between the radiometric and camera rays projected from
the other submodels of DIRSIG and from neighboring facets of the scene.
Figure 3, Scene Construction Hierarchy
Ray-Tracer Submodel: The ray tracer is that part of DIRSIG which generates
image forming rays and propagates them from the observer station out into the
scene model. It is this portion of DIRSIG where the new camera model
implementation takes place.
Thermal Submodel: The Thermal Submodel computes the kinetic temperature
of each facet in the scene as a function of time. The computation is based on the
facet material, solar orientation, temperature differential with respect to the
surround, and other factors.
Radiometry Submodel: The purpose of the Radiometry Submodel is to
determine the radiance at the sensor due to the facet radiance and the
intervening atmosphere. The radiance in the direction of the camera ray is, of
course, a function of the atmospheric conditions, solar geometry, facet
temperature and the angular emmisivity of the facet material.
Sensor Submodel: The Sensor Submodel imparts the characteristics of the
sensor by applying a spectral sensitivity curve to the spectral content of the
sensed radiance. The submodel uses the spectral sensitivity of the detector
being modeled to determine the output count level for the spectral power
distribution sensed.
2.2 Sensor Types and Characteristics
The following sections detail the types of imaging sensors that the DIRSIG
camera model must be able to simulate in order to be considered for general
application to remote sensing applications.
2.2.1 Frame Camera
Film based Frame Cameras, of the kind illustrated in Figure 4, are probably the
single most common sensor used in the field of remote sensing.
Figure 4, Frame Camera
Focal Plane
Instantaneous Field of View
Figure 5, Frame Camera Imaging Geometry
Frame Cameras instantaneously collect image data over a large two-
dimensional region of the focal plane (Figure 5). This short time required for
data collection minimizes the effect of time varying platform motion by
essentially freezing the attitude of the platform at the time of image collection.
The forward motion of the platform is generally the only type of platform motion
which has a sufficient focal plane velocity component to degrade the quality of
the resulting image. As such, most frame cameras include some form of image
motion compensation (IMC) which stabilizes the position of the image with
respect to the film/sensor during the exposure.
Since all rays from the imaged scene pass through the nodal point of the
camera optics, as shown in Figure 6, the geometric characteristics of the Frame
Camera obey the rules of single point perspective. Stated simply, single point
perspective dictates that all parallel rays in the imaged scene will converge to a
common point on an extended focal plane. Vertical rays, for example, will all
converge to a common point, which, by inference, also corresponds to the point
directly below the imaging system [Light, 1980].
Frame Camera Frame Camera Perspective
Figure 6, Frame Camera Characteristics
The wide variety of Frame Camera types and manufacturers defy
generalization, but for the sake of providing an example of a Frame Camera in




Line Scanners, as the name implies, collect image data by scanning the line of
sight of a small number of detectors perpendicular to the direction of flight (cross
track) while allowing the forward motion of the platform to advance the position
of the scanner for the collection of subsequent lines of image data (Figure 7).
These imagers allow for the collection of large ground areas at high resolution
using only a small number of detectors and are typically used in applications
where the construction or operation of large focal plane arrays is not practicable
due to array complexity or detector to detector uniformity concerns.
Figure 7, Airborne Line Scanner
Line Scanners are typically nadir looking and, as seen in Figure 8 have a
limited along track field of view. As such, all relief displacement exhibited in
Line Scanner imagery, as shown in Figure 8, is in the cross track direction. An
important characteristic of the line scanner is that because the system line of
sight is redirected mechanically rather than optically, the distance from the focal
plane to the nodal point of the optics is held constant, creating, in essence, a
curved focal plane with a radius equal to the focal length (Figure 9). This results
in a compressive distortion in the cross track direction that is referred to as
tangential distortion[Lillesand, Kieffer, 1987]. This effect will be dealt with in
greater detail in the Imaging Distortions section to follow .
t1 t2 t3
Line Scanner Line Scanner Perspective
Figure 8, Line Scanner Characteristics
Focal Plane
Instantaneous Field of View
Figure 9, Line Scanner Imaging Geometry
Several methods are used to direct the line of sight of the detector in order to
achieve the sweeping motion of the Line Scanner. In order for airborne
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scanners, such as the CIS Modular Imaging Spectrometer Instrument (MISI), to
collect sufficient ground areas, the scanner must sweep through a fairly large
angular range, typically45. This is often accomplished through the use of
rotating scan mirrors which sweep the detector array across the ground once
per rotation, or prisms which perform multiple sweeps per rotation. The non
imaging period during each rotation allows for the imaging of calibration
sources and also allows time for the platform to advance thereby reducing the
amount of redundant ground area collected by subsequent scans.
The percentage of scan time used for the collection of each line of image data is
called the scanner duty cycle. The speed of airborne platforms is sufficiently
slow to allow ample integration time for wide swath widths. As such, rotating
scan mirrors, which have a duty cycle on the order of 25% to 30% are adequate.
The very high ground speed of orbital systems, such as the Landsat Multi
Spectral Scanner (MSS) and its progeny, the Thematic Mapper (TM) and the
Enhanced Thematic Mapper (ETM), forces a complex tradeoff of scan width,
integration time and scanner duty cycle. In order to maximize scan width and
integration time for these systems, a high scanner duty cycle is necessary. To
achieve this, the MSS, TM and ETM scanners use an oscillating mirror design
which, in the case of the TM, achieves a duty cycle of about 85%. The use of the
oscillating mirror significantly reduces the non-imaging times required between
scans and therefore allows for longer dwell times for each pixel [Light, 1980].
The MISI, MSS and TM sensors are described in greater detail in the Appendix
D of this document.
11
2.2.3 Pushbroom Scanner
Pushbroom Scanners, as shown in Figure 10, are very similar to Line Scanners
in that they collect image data one line at a time and utilize the forward motion of
the platform to impart spatial separation between the ground projections of the
individual lines. They differ, however, in the fact that the pushbroom focal plane,
shown in Figure 1 1 , is comprised of a linear detector array, and, as a result, does
not require a scan mirror to sweep the footprint of its detectors across the ground.
Figure 10, Airborne Pushbroom Scanner
Focal Plane
Instantaneous Field of View
Figure 11, Pushbroom Scanner Imaging Geometry
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The image characteristics of the Pushbroom Scanner are also very similar to
the Line Scanner in that the relief displacement is entirely cross track (Figure
12). However, since the pushbroom does not have a curved focal plane, the
tangential distortion evident in Line Scanner imagery is eliminated.
t1 t2
Pushbroom Scanner Pushbroom Scanner Perspective
Figure 12, Pushbroom Scanner Characteristics
The swath width of Pushbroom Scanners is limited by the length of the linear
array that can be manufactured. As such, Pushbroom Scanners are not typically
used in airborne applications as they can not easily achieve the angular field of
view required for most applications. Rather, push broom scanners are desirable
as orbital sensors due to the fact that those applications do not require large
angular fields of view, and the significant fact that pushbroom scanners do not
have any moving parts which could disturb the attitude of the host platform. The
SPOT satellite make use of two High Resolution - Visible (HRV) pushbroom
scanners which can be independently pointed along the cross track direction
[Thompson, 1979]. The HRV sensor is described in greater detail in Appendix D
of this document.
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2.3 Platform Types and Characteristics
The imaging platform is the vehicle that is intended to provide a stable support
for the imaging sensor relative to the ground. Control of a platform's position
and attitude are of major importance to the collection of image data. Further, the
forward motion of the imaging platform is an essential component to the
collection of Line Scanner and Pushbroom Scanner imagery.
The motion of a platform can be thought of as a combination of its time varying
position relative to some point in space, and the attitude of the platform, or the
orientation of the platforms coordinate axis relative to a predefined set of
coordinate axis. The platform's time varying position can be thought of in terms
of its altitude, velocity and heading, or, alternatively, as its X, Y and Z location as
a function of time. The platforms attitude is generally shown as a set of three
angles indicating the rotation of the platform about the three axis of the
coordinate axis set, also known as the platforms Roll, Pitch and Yaw. Roll is the
platforms rotation about the reference X axis, Pitch is the rotation about the Y
axis and Yaw is the rotation about the Z axis. The position and attitude
conventions used in this effort are described in greater detail in the Coordinate
Frame section of this document.
Given this basic framework for the characteristics of an imaging platform, the
following are description of the characteristics of the two major classes of
imaging platform, the airborne platform and the orbital platform.
2.3.1 Airborne Platforms
14
An airborne platform is, quite simply, an aircraft which has been outfitted for
carrying an imaging payload. Airborne platforms are held aloft by the high
speed air currents moving over the crafts wings. To affect course corrections,
the control surfaces on the wings and tail are adjusted to modify the aircraft's
attitude (Figures 13 and 14). The vagaries associated with air currents dictate
that frequent adjustments to the aircraft's heading be made in order to maintain
straight and level flight profile. These frequent and necessary adjustments can
















Figure 14, Aircraft Attitude Variation Resulting From Course Correction
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2.3.2 Orbital Platforms
Orbital platforms, by comparison to Airborne platforms, are very stable, but do
not offer the flexibility to change altitudes and direction. Orbital platforms are
subject to few outside disturbances, and, as such, experience far less attitude
variation than airborne platforms. The speed of an orbital platform, for circular
orbits, is constant and, as illustrated in Figure 15, is a simple function of the
platforms orbital radius.
V Re + Ro
Where: Re = Earth Radius = 6367465 m
R0 = Orbital Altitude in meters
3




The speed of the satellites ground track is proportional to the orbital speed by
the ratio of the orbital radius to the radius of the Earth (Figure 16) [Bate, 1971].
16
Figure 15, Effect of Orbital Altitude on Platform Velocity
Figure 16, Nadir Point Velocity as a Function of Orbital Altitude
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2.4 Imaging Distortions
The motion of the imaging platform is intrinsic to the collection of Line Scanner
image data. Unlike Frame Cameras, where platform motions are essentially
frozen by the relatively short time period of image collection, the time varying
motions of the imaging platform are manifested differently in each line of Line
Scanner data. The following sections provide an overview of the most prevalent
forms of distortion which appear in remotely sensed imagery. Much of the text
emphasizes the effect of the distortions on scanner imagery simply because
such scanners are most likely to be affected by these distortions.
2.4.1 Scan Line Skew
Line Scanners collect the lines of image data with only a small number of
detectors, and, therefore require a relatively long time to collect each image
line. Since the host platform must move forward a distance equivalent to one
detector footprint width for each scan line, each subsequent pixel within a line is
collected slightly forward of the last. Unless compensated for by the scanner,
the result is a slight skewing of the imagery [Light, 1980].
1
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Tangential distortion is a cross track compression of imagery (see Figure 9)
which is generally attributed to line scanner systems and it is brought about by
the fact that image samples acquired with such systems are separated by equal
angular distances on the focal plane rather than equal spatial distances. More
specifically, the constant angular rate of the scanning mirror results in a variable
instantaneous field of view (IFOV) velocity when projected onto the relatively
planer surface of the Earth (Figure 18). When the resultant image data is later
sampled in equal time increments by an A/D converter, the variable ground
velocity results in a severe scale compression perpendicular to the direction of
flight [Lillesand, Kieffer, 1987]. The plot in Figure 19 shows the position and
velocity of the IFOV as a function of time for a given scan line. This plot assumes




Figure 18, IFOV Angular Velocity vs. Ground Velocity
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Figure 19, Relative IFOV Position and Velocity as a Function of Time
2.4.3 IFOV Size Variation
The Instantaneous Field of View (IFOV) of an imaging system is the angular
subtence of the detectors. The farther a ground plane location is from the
platform nadir, the longer the slant range from the optics and, hence, the larger
the projection of the detector IFOV at the location. The characteristics of the
detector IFOV size variation are different for frame cameras and scanners. With
frame cameras the IFOV of the individual detectors is best at the nadir point and
increases in size as the scene point gets farther from nadir. Since each line of a
scanner image has approximately the same geometric relationship to the nadir
point at the time of imaging, the IFOV varies only along the scan line and






Frame Camera Scanner Camera
Figure 20, IFOV Size Variation
2.4.4 Image Displacement
A common method of multispectral image collection involves the placement of
various detectors and/or arrays at displaced locations in the focal plane. The
spatial requirements of focal plane arrays and their associated electronics
sometimes require considerable distance between the various detectors.
One problem that arises from such focal plane designs is that the resulting images
from the individual detectors or arrays are displaced from one another. This
displacement is further complicated by the time dependent nature of the image
collection used for scanning systems. As the attitude of the imaging platform varies
with time, so also does the desired line of sight of the imaging sensor. The error in
the line of sight due to the changing platform attitude will be different from detector
to detector. This effect becomes evident when one processes the imagery from the
21
various detectors to remove the known angular displacement and a residual
angular displacement is found to remain. This distortion will be most evident in
airborne vehicles which experience considerable attitude variations.
2.4.5 Roll Distortion
Roll is the rotation of the platform about its longitudinal axis. For aircraft traveling
straight and level, the longitudinal axis would correspond to the velocity vector
of the aircraft. Since roll error is a very low frequency event relative to the scan
time, the effect, depicted in Figure 21, manifests itself in the imagery as an
oscillatory displacement of the individual lines of imagery in the direction of the
scan [Lilesand and Kieffer, 1987].
Scan Pattern on Ground Hypothetical Output
Image
Figure 21, Roll Distortion
2.4.6 Pitch Distortion
Pitch is a rotation of the imaging platform about the lateral axis. The lateral axis, in
the case of an aircraft during straight and level flight , is that which is normal to both
the velocity vector of the aircraft and a ray from the earth center. Pitch error causes
individual lines of imagery to be collected either forward or behind the nadir point
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of the imaging system. This, as seen in Figure 22, results in cross-scan
compression and expansion of the ground features [Lillesand and Kieffer, 1987].
Aircraft
Heading
Scan Pattern on Ground




Yaw is the rotation of the imaging platform about the normal to its latitudinal and
longitudinal axes. If the yaw stays relatively constant during imaging, the scan
lines will be parallel, but will not be perpendicular to the flight line. If the yaw
varies during the imaging process, as seen in Figure 23, the ground track of the






Scan Pattern on Ground Hypothetical Output
Image
Figure 23, Yaw Distortion
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2.4.8 V/H Distortion
The rate at which image lines are scanned must be synchronized with the ratio
of the aircraft's ground velocity to it's altitude (v/h). Failure to do so will result in
a compression or expansion of the scale of the resulting image in the cross-
scan direction. Scanning too slowly, for instance, will result in large gaps
between scan lines and corresponding compression in along track scale
(Figure 24) [Lillesand and Kieffer, 1987].
Scan Pattern on Ground Hypothetical Output
Image
Scan Pattern on Ground Hypothetical Output
Image
Figure 24, V/H Distortion
2.4.9 Relief Displacement
Relief displacement is an effect where scene objects are displaced away from
the principal point of the image in proportion to their height. For scanning
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imagers, this effect occurs perpendicular to the direction of flight because the
line of sight experiences angular variations in only in that direction. Though
relief displacement can cause such imaging problems as terrain masking,
where tall, off-nadir objects block significant areas of terrain, it also causes
problems with the determination of the true ground location of pixels. Altitude
variations of the terrain being imaged result in terrain relief displacement and,
hence, distortions in the reconstruction of the image [Lillesand and Kieffer,
1987].
2.4.10 Earth Rotation
Orbital Scanner systems do not collect imagery instantaneously, as do frame
cameras, and since the Earth has a surface velocity at the Equator of more than
1500 ft/sec it is clear that a considerable amount of skew will be imparted to
images of even several seconds duration. The latitude dependent severity of
this skew is depicted in Figure 25 [Bate, 1971].












Figure 25, Distortion Due to Earth Rotation
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2.5 Camera Modeling Overview
Line Scanners and Pushbroom Scanners share a very close geometric kinship
to the film based airborne strip cameras first used for military reconnaissance
during W.W.II [Kistler, 1946] and further developed for commercial use during
the 1950s [Livingston, 1980]. Strip cameras, at the time, were seen as a means
of obtaining reconnaissance imagery from low flying, high speed aircraft in
situations where frame cameras could not provide quality images due to
smearing. The characteristics of these early sensors translate amicably into the
electronic imaging domain. An early work on the particular geometry associated
with the line scanner method of infrared image collection is described by Holter
and Wolfe[1959]. Line scanning was seen as a means of increasing the
effective field of view of imaging systems which possessed only a small number
of IR sensitive detectors. The line scanner geometry was further investigated by
Derenyi and Konecny in 1966 for the purpose of better understanding the
photogrammetric potential of such systems [Derenyi, etal, 1966]. They found
that the line scanner was capable of being applied to photogrammetric tasks
with the caveat that the quality of the systems that were available during their
investigation were "far from desirable" and that the collection of stereo scanner
imagery was not yet practicable. They also stressed the need of establishing the
position and orientation of the imaging platform as a function of time.
Much of the recent work associated with the geometric correction of orbital
remote sensors is devoted to the determination of the exterior orientation of
orbital systems through the use of both vehicle ephemeris data and user
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selected ground control points of known geodetic location and altitude
[Bernstein, 1975][Bernstein, 1976][Puccinelli, 1976][Friedman, etal,
1983][Levine, 1983][Beyer, etal, 1 984][Salamonowicz, 1986].
2.5.1 Coordinate Frames
A coordinate frame is a space defined by a set of at least 2 orthogonal axis. It is
a mathematical convenience to assign coordinate frames to groups of related
objects and define the relationship between various groups of objects as
transformation from one coordinate frame to the next. Often, in camera
modeling, coordinate frames are assigned to the focal plane, the optical system,
the imaging platform, and the scene. A diagram illustrating the coordinate frame
interactions for a typical imaging system is shown in Figure 26.
The example shown in Figure 26 has many of the fundamental characteristics
required to model an imaging system. First, one starts with the Sensor Frame
and establishes the spatial relationship of the individual detectors on the focal
plane. The focal length of the modeled system establishes the relationship
between the Sensor Frame and the Optical Frame. By translating the origin of
the Sensor Frame to the nodal point (origin) of the Optical Frame, the detector
locations become pointing vectors from the optics to the focal plane. By
reversing and normalizing these vectors, one obtains a set of unit vectors which
point out of the Optical Frame in the direction of the line of sight from each of the
detectors. The Optical Frame, being attached to a platform, is then reoriented to
take on the attitudinal characteristics of the platform and then translated to the
location of the platform in the coordinates of a globally defined Reference
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Frame. In the DIRSIG application, the unit vectors defining the line of sight of the
detectors are then propagated out from the Platform Frame into scene space
where the rays intersect the object and parts which comprise the scene [Fu,




Figure 26, An Example of Coordinate Frame Interaction
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2.5.2 Coordinate Transformations
Coordinate transformations using matrix methods are used extensively in
photogrammetric applications. These methods involve the sequential
application of homogeneous transformation matrices which serve to translate,
scale, rotate or reflect coordinate sets from one coordinate frame to another.
Through judicious design and ordering of the transformations, one can linearly
model any geometric relationship. By forming homogeneous matrices, the
various transformations can be formed into a set of combined transformation
matrices and applied to the coordinate set of interest in a reduced number of
matrix operations. A technique for geometrically modeling imaging systems
using homogenous coordinate transformations was first applied to the field of
image processing by Roberts [1965] and have since been further refined [Fu, et
al, 1987][Jain, 1989][Pratt, 1991]. The following homogeneous matrices cover
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Where: x,y & z are the input coordinates
x',
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Where: x,y & z are the input coordinates
x',
y' & z' are the rotated coordinates
k is the angle of rotation of the coordinate frame about the z
axis
A useful property of homogeneous transformation matrices is that multiple
transformations can be cascaded to form a single transformation matrix. For
instance, if an application exists whereby a 3 dimension coordinate must be
rotated co radians about the X axis, then p radians about the new Y axis, and
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2.6 Model Validation Techniques
Much of the work in the field of geometric validation is intended to validate the
geodetic accuracy of geocoded image products from remote sensing satellites
[Westin, 1990] [Friedman, etal, 1983][Borgeson, 1985][Bryant, etal,
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1985][We!ch, etal, 1 985][Konecny, etal, 1987]. This validation generally
involves the acquisition of an image having features of known geographic
location. The imagery is processed in such a way as to transform the image
coordinates of the objects of interest into the coordinate space for which the
actual location of the objects is known. The actual coordinates of the objects are
compared to the image derived coordinates and an error value is generated.
Typically, many points are measured and a residual plot illustrating the error as
well as an RMS error value are generated to summarize the performance.
Although there is much work being put forth in an effort to accurately model
perspective in synthetic scenes [Potmesil, etal, 1982][Wyvill, etal, 1990] and
even work which attempts to insert synthetically generated and rendered
objects into actual images,[Kaneda, etal, 1990] the work is validated by
inspection only and no published work on the validation of simulated image
geometry has been identified.
3.0 Approach
3.1 Description of Camera Model Algorithm
3.1.1 Objective
The objective of this effort is to advance the functionality of the DIRSIG system




The following assumptions have been made in the development of the
improved DIRSIG camera model. To start, the position and attitude of the
platform are assumed to be constant during a given sensor scan line [Schott,
1994]. Second, the center of gravity of the platform is assumed to coincide with
the nodal point of the optics. The gimbal effect associated with the displacement
of the optics relative to the platforms center of gravity is considered negligible.
Third, orbital paths, unless otherwise modeled by the user, are straight paths
parallel to the earth tangent at the target point. Lastly, system optics are
assumed to be nonabberative and apochromatic.
3.1.3 Model Description
Construction of a camera model is very simply a matter of defining the line of
sight of a given detector as a function of time. The line of sight of a given
detector is a function of a number of parameters. First, the vector is defined by
the location of the detector with respect to the nodal point of the optical system,
which, in turn, depends on the focal length of the optics, and the type and
configuration of the focal plane. Second, the line of sight is defined by the
position and attitude of the sensor platform at the time of imaging. The following
sections provide a brief description of the determination of these vectors and
how this determination varies for the various camera types included in the
model. A detailed description of the camera model along with the flow diagrams
used for the development of the camera model software are included in
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Appendix A of this document. A listing of the first version of the camera model
software is included in Appendix B.
Generation of Initial Line of Sight Vectors
An important step in the modeling of a imaging system is defining the
configuration of the systems focal plane. A requirement for defining the line of
sight from each of the detectors is to define the three-dimensional location of
each detector with respect to the sensor optical node point. Figure 27 shows the
two major focal plane configurations. The following sections provide a brief
discussion of the methods used to establish the focal plane configuration and
how that is used to generate the initial line of sight vector set.
Platform Specification File
Specification of the imaging system to be modeled is accomplished via a user
supplied Platform Specification File. This file, examples of which are included in
the Appendix C of this document, contains all of the imaging system information
necessary for the model.
Focal Plane Configuration
The first element that defines the focal plane configuration, as seen in Figure
27, is the sensor type. Frame cameras and pushbroom sensors have flat focal
planes and detectors spaced at equal spatial increments in both the along track
and cross track directions. Line scanners have a focal plane which consists of
only a small number of along track detectors, but use some
form of scanning
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mechanism to sweep those detectors in a cross track manner. The sampling
increment is in equal time increments, and, since the angular rate of the scan
mechanism is usually constant, the resulting sampling is in equal angular
increments. Scanning is merely a redirection of the detector line of sight so the
distance from the detectors to the optics node point remains constant. The focal
plane of the line scanner can therefore be modeled as being flat in the along
track direction with samples in equal spatial increments , and curved in the
cross track direction with a radius equal to the focal length and samples in
equal angular increments.
Line Scanner Pushbroom and Frame Camera
Platform Motion
(Along Track)
Figure 27, Focal Plane Configurations
Additional elements which define the focal plane configuration are the spectral
band offset and detector to detector offset. Spectral band offset is a
characteristic of multispectral scanner systems which incorporate detector
arrays of varying spectra! sensitivity by arranging them in an along scan manner
on the focal plane. Detector to detector offset is used in linear detector arrays
when close placement of adjacent'detectors is not practicable. In both of these
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cases, illustrated in Figure 28, the offset is in the cross track direction for Line
Scanners and in the along track direction Pushbroom Scanners.
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for Spectral Band 2
DetectorArray
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Figure 28, Typical Scanner Focal Plane Layout
A final parameter which defines the focal plane configuration of the imaging
system is the number of lines per scan. This value defines the number of lines of
image data which are collected with each scan of the imaging system. The
Landsat TM sensor, for instance, collects 16 along track lines of data with each
sweep. It is important to note that through the use of this parameter, the Frame
Camera model is merely an extension of the Pushbroom Scanner model in that
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the Frame Camera is simply a Pushbroom Scanner which collects a large
number of line of data in a single scan.
Calculation of Initial Line of Sight (LOS) Vectors
The three-dimensional location of the individual detectors with respect to the
optics nodal point defines a set of pointing vectors. To calculated the initial line
of sight of each of the detectors of a scan, one must negate and normalize the
pointing vectors. What remains is a set of unit vectors anchored at the origin
which define the unperturbed detector lines of sight.
Application of Sensor Look Angle
Often, the sensor attachment to the platform is non-nadir looking, or,
alternatively, can be adjustable to allow for forward/aft look angles and/or side
to side look angles. To accommodate this the camera model adjusts the initial
line of sight vectors to account for the sensor look angle. This is accomplished
via the transformation matrices described in Section 2.5.2.
Impart Platform Characteristics to LOS Vectors
Once the initial line of sight vectors have been calculated, what remains is to
apply the platform characteristics for each of the required sensor scans.
Motion Profile File
The platforms time varying position and attitude characteristics are established
by the user through the use of one'of two types of Motion Profile File, examples
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of which are shown in the Appendix C of this document. The first is a Simple
Motion Profile where the user supplies time invariant values for platform speed,
heading, altitude, roll pitch and yaw. These values are used by camera model to
generate a scan line by scan line motion profile. The other motion profile file
type is a Detailed Motion Profile which is a scan line by scan line definition of
relative scan time, x, y, z, roll, pitch and yaw. Depending on the settings of the
various user specified run time parameters, this data file is either used verbatim
or modified to account for target centering, scan line skewing, and/or Earth
rotation.
Application of Platform Attitude
After defining the platform's roll, pitch and yaw as a function of time, the initial
line of sight vectors are transformed using the transformation matrices defined
in Section 2.5.2. The result of this step is a set of LOS vectors anchored at the
Reference Frame origin and pointing in the direction of the detector line of sight
for the current scan line.
Calculation of LOS Vectors
Given the unit vectors defining the time varying line of sight of the detector set,
what remains is to translate the vectors to the platform position by adding
platform x, y and z to the vectors and passing the result back to the DIRSIG ray
tracer. The application of the platform attitude and position to the initial LOS
vector set is performed for each sensor scan required to achieve the user




The purpose of the validation effort is to verify that the image geometry that
results from the application of the new camera models both conforms to first
order predictions of the expected geometry and compares favorably with
imagery from actual imaging systems. The validation approach used in this
effort uses both a deterministic validation, which uses input scene of known
configuration to ascertain model integrity, as well as a comparative validation,
which uses actual imagery in conjunction with simulated imagery to validate
the model integrity. The success of the deterministic validation is measured by
verifying that the RMS difference between coordinate locations of fiduciary
points in the image and their predicted locations is lower than the error
associated with the measurement of the locations. The success of the
comparative validation will be measured by regressing the coordinate locations
of fiduciary points in the actual scene against the coordinate locations of the
same points in simulated imagery and verifying the squared residual error of the
regression model exceeds a value of 0.9.
The following sections will detail the validation procedures, the selection and
development of validation control data, and the analytic models used to verify
the performance of the camera model.
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3.2.2 Diagnostic Scene Model Validation
Diagnostic Scene Model Overview
A diagnostic scene was created which was comprised of an array of identical
structures with known locations. The new camera model was run using this
scene model for a wide variety of imaging conditions. The locations of the
structures in the resulting imagery were measured and compared to first
principles predictions of where the structures should have ended up in the
image.
Deterministic Scene Description
The purpose of the deterministic scene is to provide a scene which allows for
the accurate measurement of scene geometry. To this end, the following
requirements for the design of the deterministic scene were identified.
1) The scene should contain an array of objects of known location.
2) The objects should be of sufficient size to ensure that all objects will be
intersected by at least one line of sight ray from the camera model.
3) The objects should possess sufficient height so that the relief displacement
will be sufficient to be measured but not so tall that the displaced objects will
interfere with one another.
4) The objects should be configured such that the location measurements can
be made of both the top and bottom of the objects.
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5) The objects should possess sufficient contrast with respect to the background
so that the top and bottom of the objects can be located.
6) The objects must contain a non-symmetric feature to ensure output imagery
has not been inappropriately reflected about an axis.
The configuration settled upon for the deterministic scene is as follows.
Spatial Layout - The construction of the deterministic scene, as seen in Figure
29, is comprised of a square background field having dimensions of 3048
meters on a side. Arrayed about this background field are 24 sets of markers.
Each set of markers consists of a ground level marker and a second maker
elevated 152.4 meters above the ground level marker. Each of the markers is a
square of 30.48 meters on a side and rotated 45 on its axis. The sets of
markers are arrayed in two dimensions on 609.6 meter centers with the single
exception that the center marker has been replaced with an orientation
indicator. The orientation indicator consists of a nonsymmetric North arrow and
the letter N.
Material Layout - In the interest of insuring sufficient contrast between the
background and the markers, it was decided to run the simulations in the
infrared, use concrete for all of the features in the scene, and vary the material
temperature as a means of modulating the radiance from the facets. The
background field was assigned a temperature of 300K, the ground level
markers were assigned a temperature of 250K and the elevated facets were
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assigned a temperature of 350K. The orientation indicator was assigned a
temperature of 350K.











Figure 29, Deterministic Scene Dimensions
Assessment of Deterministic Validation
Prediction of Disk Locations
The key element of the deterministic validation is to predict where on the focal
plane, a point of known location in the scene will be imaged. The methodology
selected for this predictor was to use a ground to camera projection method.
With this method, the ground locations are known exactly and the resulting
location on the focal plane is desired. This differs from the actual camera model
in that for that case, the focal plane position is known, and point on the ground
that is being imaged is desired. The use of this reverse projection method
provides a powerful validation of the method used in the camera model. Figure
30 shows the fundamental configuration of the ground to camera model. The
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predictor always assumes that the imaging system is flying along the x axis and
adjusts the location of the ground points of interest in accordance with the





Figure 30, Deterministic Predictor Geometry
The governing equations for the predictor are broken out by sensor type and
are as follows.





Where: 0 = CDr CA a = CDr x CA X
f = Focal Length
Px, Py = Detector pitch in X and Y direction
A =(0,0,0)
C = (0,0,Altitude) = Camera station
P= CDrx CA Y
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D = (Xd, Yd, Zd) = location of object to be imaged
Dr = Dh Rotated by Roll, Pitch and/or Yaw = (Xr, Yr, Zr)
Line Scanner Prediction Model
v D Tan-i(=-^V\:os(Pitch)+Roll
X =-^ Y = -(N-1)
^^
b 27iQCos(Yaw)
Xh + YhTan(Yaw)Sinff -Yaw")
Where: Xc = * * + ZhTan(Pitch)Cos(Yaw)
Sinfg +Yaw j
Q. = Scanner duty cycle
S = Platform speed
Rs = Scan Rate
N = Number of samples per scan line
Dh = (Xh, Yh, Zh) = Object locations adjusted for heading
Xh = XdCos(H) + YdSin(H), Yh = -XdSin(H) + YdCos(H), Zh = Zd
H = heading
Pushbroom Scanner Prediction Model
X = Y = -fTan
Tan-1 fz .rz ]Cos(Pitch)+Roll
PyCos(Yaw)
Analysis of Predicted vs. Actual Disk Locations
The coordinate locations of the markers in the simulation imagery were
measured in softcopy. The mean of the simulation coordinates and the
predicated coordinates were then determined and an adjusted set of
measurement coordinated were generated using the equations
44
xai ~ ^i " x s + x p
yai = )si-Vs+7p
Where xaj, y^ are the adjusted coordinate locations of the marker i
xSj, ^j are the unadjusted coordinate locations for marker i in the
simulation imagery
x s, y s are the mean coordinate values for the predicted marker
locations
x D, y p are the mean coordinate values for the predicted marker
locations
An error value for each marker is determined by taking the difference between
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Where: Exj , E.j are the x and y error values for marker i.
xaj, y^ are the adjusted coordinate locations for marker i
xDJ, v.: are the predicted coordinate locations for marker i
The RMS error for a given test case is determined by taking the square root of
the sum of the squares of the x and y errors.
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2*Erj = \l ,(Exij + E2yij)
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Where: Er: is the RMS error associated with test case j
Exj: , E.jj are the x and y error values for marker i of test case j
An assessment of RMS sensitivity was used to judge the resulting RMS values
from the test cases. The sensitivity analysis consisted of generating a control set
of marker locations and the generating a biased set of marker location which
were identical to the control set but shifted one pixel in the x direction and on
pixel in the y direction. The resulting RMS error value between the two sets was
used as the criteria for determining the significance of the resulting RMS error
values from the test cases. For test cases which exceeded the error threshold, a
stepwise regression using all of the input parameters for the test cases was
used to determine the parametric source of the error.
Deterministic Validation Test Cases
Table 1 lists the various test cases examined in the deterministic validation
effort. An effort was made to exercise the basic sensor configurations as well as
the key position and attitude parameters.
3.2.3 Comparative Validation
Comparative Validation Overview
The true test for a camera model is to compare the products it generates to
products produced by actual systems. To this end, a scene model of an oft
imaged location was created and used as input into the camera model. Detailed
comparisons of the geometry of various actual images and their associated
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simulation runs was performed and a regressive analysis of the coordinate sets
was performed to verify the integrity of the camera model.
Table 1, Deterministic Validation Test Cases
Case# Sensor Type Case Description
1 Line Scanner Straight and Level
2 Line Scanner Heading = 20
3 Line Scanner Roll = 10
4 Line Scanner Pitch = 10
5 Line Scanner Yaw =10
6 Line Scanner Roll = Pitch = Yaw =10
7 Pushbroom Scanner Straight and Level
8 Pushbroom Scanner Heading = 20
- 9 Pushbroom Scanner Roll = 10
10 Pushbroom Scanner Pitch = 10
11 Pushbroom Scanner Yaw= 10
12 Pushbroom Scanner Roll = Pitch = Yaw=10
13 Frame Camera Straight and Level
14 Frame Camera Heading = 20
15 Frame Camera Roll = 10
16 Frame Camera Pitch = 10
17 Frame Camera Yaw =10
18 Frame Camera Roll = Pitch = Yaw = 10
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Comparative Validation Scene Model Description
Site Selection
The requirements for the scene to be used in the operational validation effort
were as follows.
1) The scene must appear in several images of different sensor types
2) The scene must have significant topographic and/or architectural variation.
3) Dimensional information on the structural makeup of the scene must be
readily available.
Based on these requirements, the Maplewood area of the Genesee River Gorge
in Rochester New York was selected. The scene, shown in Figure 31 , is
comprised of a 200 foot deep gorge spanned by an 360 foot steel arch bridge.
Adjacent to the bridge on the east side of the gorge is the Eastman Kodak
Company Hawkeye Works, a large industrial complex containing approximately
13 structures of varying size and shape including a 275 foot tall smoke stack at
the north end of the complex. Three aerial images of this scene were identified.
The first was a CIS Bendix Thermal Scanner image, Figure 32, and the
remaining two were Zeiss Frame Camera images, one
nadir looking, Figure 33,
and the other oblique, Figure 34.
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Figure 31 , Overview of Hawkeye Works and Driving Park Bridge
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Figure 32, Validation Scene Imaged with CIS Bendix Thermal Scanner
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Figure 33, Validation Scene Imaged with Zeiss RMK Frame Camera (Nadir)
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Figure 34, Validation Scene Imaged with Zeiss RMK Frame Camera (Oblique)
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Hawkeye Plant
The dimensions for the Hawkeye Model were derived from various blue prints of
the building. The model incorporates Hawkeye Buildings 1,2,3,5,6,10,11,12,12a
and 13 as well as the smoke stack. The general layout of the various buildings
is shown in Figure 35. Several views of the resulting CAD model, one looking
from the North East and one looking from the South West, are shown in Figures


















Figure 35, Layout of Buildings at Hawkeye Works
The reference point used for the construction of Hawkeye, as well as for the
eventual construction of the rest of the scene can be seen in the Figure 35
marked "Reference Point." More specifically, the reference point is the
southwest corner of Building 5 at the elevation above sea level of the first floor
of the building, (456.95'). The entire complex is oriented with respect to North at
an angle of 6.727
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Figure 36, CAD Model from the South West
Figure 37, CAD. Model from the North East
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Figure 38, CAD Model, Detail of Hawkeye Works
Driving Park Bridge
The driving park bridge, illustrated in Figure 39 is of the steel arch type with
three concrete piers along its span. The steel arch, as modeled, consists of a
pair of
71' tall arches separated by a distance of
54'
on center, 28 spars
extending up from the arches. The two tall piers are located 6 feet on either side
of the steel arch from the arch skewbacks, with the remaining pier, 81
' farther to
the West. The CAD view of the bridge structure looking from the South West is














Figure 39, The Driving Park Bridge, North Elevation
Figure 40, CAD model of Bridge Structure from the South West
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4.0 Results
4.1 Deterministic Validation Results
The following sections detail the results of the measurements and analysis
described in the Approach section of this document.
4.1 .1 Deterministic Validation of Line Scanner Camera Model
Figure 41 shows the simulation imagery resulting from Test Cases 1 through 6. A
qualitative review of these images shows that the basic performance of the Line
Scanner model is working correctly. First, the relief displacement exhibited by the
markers is, as would be expected, in the cross track direction only. Second, the
application of Yaw to the platform, Figure 41 (e), results in a skewing of the image.
Further, in looking at Figure 41 (b), the 20 heading simulation, the diagonal edge
of the scene ground is shown to be curved in a manner consistent with tangential
distortion characteristics. Figures 42 through 47 show the results of the quantitative
analysis. These plots show the cross track and along track differences between the
predicted locations for each of the markers and the measured location of the
markers. Each column in the plot indicates the error between the measured
location of the marker and the actual location of the marker. As a point of
reference, the sensitivity assessment established that reasonable measurement
error will result in an RMS error less than or equal to 10. One will note that for all 6
Line Scanner cases, the resulting RMS error, as shown in Table 8, was below the
measurement error level.
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Figure 41, Line Scanner Deterministic Image Set
II
a) Straight and Leve I
I
c) Roll = 10;
L 1
e) Yaw - :1 y
b^) Heading = 20
d) Pitch =10
f) Roll = Pitch = Yaw =1C
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Along Track Position Error - Case 1 Cross Track Position Error - Case 1
SE SE
Figure 42, Cross and Along Track Position Error, Line Scanner, Straight and Level
Along Track Position Error - Case 2 Cross Track Position Error - Case 2
SE SE
Figure 43, Cross and Along Track Position Error, Line Scanner,
20 Heading
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Along Track Position Error - Case 3 Cross Track Position Error - Case 3
SE SE
Figure 44, Cross and Along Track Position Error, Line Scanner, 10 Roll
Along Track Position Error - Case 4 Cross Track Position Error - Case 4
SE SE
Figure 45, Cross and Along Track Position Error, Line Scanner, 10 Pitch
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Along Track Position Error - Case 5 Cross Track Position Error - Case 5
SE SE
Figure 46, Cross and Along Track Position Error, Line Scanner, 10 Yaw
Along Track Position Error - Case 6 Cross Track Position Error - Case 6
SE SE
Figure 47, Cross and Along Track Position Error, Line Scanner,
10 Roll, Pitch and
Yaw
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4.1.2 Deterministic Validation of Push Broom Camera Model
Figure 48 shows the deterministic validation imagery generated using the
pushbroom scanner model. A qualitative assessment of this imagery shows that, as
expected, the general character of imagery is similar to that of the Line Scanner in
that the relief displacement is completely in the cross track direction and yawing of
the platform results in skewing of the imagery. Tangential distortion, however, is not
evident, as can be seen by comparing Figure 41 (b) and Figure 48 (b).
The quantitative assessment of the Pushbroom capability shows, as seen in
Figures 49 through 54, that the prediction model and the simulated scenes are in
close agreement for Test Cases 1 , 2 and 3; the Straight and Level case, the
Heading case and the Roll case. The error level increases however with the
introduction of Pitch, and rises again for the Yaw and the Combined Roll, Pitch and
Yaw case. It is likely that the prediction model is lacking a necessary interaction
term and, as a result, does not accurately model the geometry of yaw and pitch
situations. This was confirmed by performing a stepwise regression using all of the
input parameters and the resulting RMS errors for all of the test cases. The result of
the regression was that the only significant driver of the error was the yaw
parameter. The detailed regression results are included in Appendix C. In any
event, the values obtained from the camera model have been spot checked to
ensure the correctness of implementation. It is interesting that the errors seen for
the Pushbroom predictions do not affect the Line Scanner predictions to the same
degree. It could be that the tangential scale compression at the extents of the scan
line is reducing the effect of this error.
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Figure 48, Pushbroom Deterministic Image Set
a) Straight and Level b) Heading = 20
c) Roll = 10; d) Pitch =10
e) Yaw =
10; f) Roll = Pitch = Yaw = 10:
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Along Track Position Error - Case 7 Cross Track Position Error - Case 7
SE SE
Figure 49, Cross and Along Track Position Error, Pushbroom Scanner, Straight
and Level
Along Track Position Error - Case 8 Cross Track Position Error - Case 8
SE SE
Figure 50, Cross and Along Track -Position Error, Pushbroom Scanner, 20
Heading
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Along Track Position Error - Case 9 Cross Track Position Error - Case 9
SE SE
Figure 51, Cross and Along Track Position Error, Pushbroom Scanner, 10 Roll
Along Track Position Error - Case 10 Cross Track Position Error - Case 10
SE SE
Figure 52, Cross and Along TrackPosition Error, Pushbroom Scanner, 10 Pitch
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Along Track Position Error - Case 1 1
Cross Track Position Error - Case 1 1
SE SE
Figure 53, Cross and Along Track Position Error, Pushbroom Scanner, 10 Yaw
Along Track Position Error - Case 12 Cross Track Position Error - Case 12
SE SE




4.1.3 Deterministic Validation of Frame Camera Model
Figure 55 shows the resulting imagery from the frame camera deterministic
validation. Qualitatively, the imagery follows all of the expected perspective rules
that apply to Frame camera imagery. First, the entire field of regard follows the
single point perspective rules. Second, unlike the scanner cameras, imparting yaw
to a Frame camera results only in a rotation of the image as opposed to a marked
skewing.
Figures 56 through 61 show the results of the quantitative analysis of these scenes.
As described previously in the Pushbroom Validation section, the Yaw term was
found to be the only significant parameter driving the RMS error, as is evident here
in Cases 17 and 18. Once again, spot checks were performed to verify that the
camera model was correct and that the error source was entirely within the
predictive equations.
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Figure 55, Frame Camera Deterministic Image Set
a) Straight and Level b) Heading = 20
c) Roll =
10
e) Yaw = 1
0 f) Roll = Pitch = Yaw = 10
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Figure 56, Cross and Along Track Position Error, Frame, Straight & Level
Along Track Position Error - Case 14 Cross Track Position Error - Case 14
SE SE
Figure 57, Cross and Along Track Position Error, Frame Camera,
20 Heading
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Along Track Position Error - Case 15 Cross Track Position Error - Case 15
SE SE
Figure 58, Cross and Along Track Position Error, Frame Camera, 10 Roll
Along Track Position Error - Case 16 Cross Track Position Error - Case 16
SE SE
Figure 59, Cross and Along Track Position Error, Frame Camera,
10 Pitch
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Along Track Position Error - Case 17 Cross Track Position Error
- Case 17
SE SE
Figure 60, Cross and Along Track Position Error, Frame Camera, 10 Yaw
Along Track Position Error - Case 1 8 Cross Track Position Error - Case 1 8
SE SE




Table 2, Summary of RMS Error for Deterministic Validation Test Cases
Case# Sensor Type Case Description RMS Error
1 Line Scanner Straight and Level 3.35
2 Line Scanner Heading = 20 2.98
3 Line Scanner Roll = 10 1.99
4 Line Scanner Pitch = 10 2.45
5 Line Scanner Yaw =10 7.48
6 Line Scanner Roll = Pitch = Yaw=10 7.16
7 Pushbroom Scanner Straight and Level 2.98
8 Pushbroom Scanner Heading = 20 3.72
9 Pushbroom Scanner Roll = 10 2.77
10 Pushbroom Scanner Pitch = 10 8.98
11 Pushbroom Scanner Yaw= 10 12.70
12 Pushbroom Scanner Roll = Pitch = Yaw = 10 13.70
13 Frame Camera Straight and Level 2.98
14 Frame Camera Heading = 20 6.80
15 Frame Camera Roll = 10 3.55
16 Frame Camera Pitch =
10 2.92
17 Frame Camera Yaw
=10 7.10
18 Frame Camera Roll = Pitch = Yaw
=10 18.8
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4.1 .4 Analysis of Error for Deterministic Validation
The RMS error values shown in Table 8 indicate a clear trend where the more
complex geometry's generate the most error. In an effort to identify the source of
this error, a stepwise regression was performed with Sensor, Heading, Roll,
Pitch and Yaw as the independent variable and RMS Error as the dependent
variable. The regression eliminated all factors from the regression with the
exception of Yaw indicating that the predictive equations are not modeling the
Yaw factor correctly. The results of the Stepwise regression are included in
Appendix C of this document.
4.2 Comparative Analysis
4.2.1 Validation Imagery Preparation
The imagery used in this study was not originally intended to be used for the
purpose of validating the geometric integrity of a mathematical model of an
imaging system, and, as such, information concerning the location and attitude
of the aircraft during image collection was not readily available for any of the
imagery used. The following sections summarize the photogrammetric analysis
of the imagery as well as any other preparatory work that needed to be
performed.
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Zeiss Nadir and Oblique Frames
Digital Scanning of Image Frames
The Frame camera imagery that was available for this effort was in film format
and only available for use by the author for a short period of time. As such, it
was considered preferable to digitally scan the imagery so as to avoid any
unnecessary degradation that could result from the photographic duplication of
the images. The full color imagery was monochromatically digitized on a flatbed
scanner at a resolution of 300 pixels per inch.
Determination of Aircraft Position and Attitude
Principal Point Location - The first task in the photogrammetric analysis of the
imagery was the determination of the principal point of the image. The focal
plane of the Zeiss RMK has fiducial markers in eight positions around the frame;
one in each corner and one mid-frame marking on each side of the image. The
image coordinates of each of these points was determined and the slope (m)
and offset (B) for the lines connecting each of the cross frame point was
determined in the following manner.





The intersection between two crossing lines is given by the following.
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Given two intersecting lines,
yi = miXi+bi
y2 = m2X2+b2
the intersection of the lines is given by,
X'=m7^mT Yi-m^ + r*
The intersecting point for two pairs of intersecting lines was determined and the
average of the two was used as the principal point.
For the frame imagery, the principal points, as measured in image coordinates,
were found to be:
(Xi,Yi)nadir = (1431,1572)
(Xi,Yi)ob|ique = (1523,1404)
Determination of the aircraft nadir point was accomplished by identifying vertical
objects in the imagery, finding the equation for the line formed by each object,
solving for the intersections of the various pairs of lines and averaging the
resulting crossing point locations. The equations for this process were identical
to the ones used for the principal point activity described above, although the
random nature of the placement of the line segments in the frame would
sometimes result in two lines having a very small angle between them and
therefore a large variability in the identified crossing point. After some trial and
error, a method of flyer analysis was devised and the variability in the identified
crossing points was brought down to about 10% of the mean coordinate value.
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Refinement of the data to further reduce the variability proved unsuccessful. The
short line segments available in the imagery and, in the case of the oblique
image, the long extrapolation distances, prevented reduction of variability in the
crossing points further than is presented.
The nadir point in image coordinates for the two frame images was calculated to
be:
Nadir Frame: Xn = 1372 pixels with a = 131.5 pixels
Yn = 1 455 pixels with a = 1 1 1 .8 pixels
Oblique Frame: Xn = 1737 pixels with o = 76.5 pixels
Yn = 4592 pixels with a = 405.8 pixels
One will note that the error associated with the Y coordinate of the Oblique
Frame nadir point is substantially higher than that for the other coordinates. This
is most likely due to the fact that the nadir point for this image was located some
distance off of the actual image frame and the angular errors that result from the
short line segments available for this effort would naturally propagate along the
crossing line segments and, hence map preferentially into the y coordinate.
Having located the nadir point and principal point on the focal plane, it now
remains to locate the nadir point on the ground. After determining the ground
location of the principal point based on scene information, as well as locating
other objects beyond the principal point and still in line with it and the camera,
the heading of the camera was determined.
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Nadir Frame Heading = 84.974
Oblique Frame Heading = 266.3
The altitude of the aircraft in the two images was obtained from the altimeter
reading on the data block of each of the frames.
Nadir Frame Altitude = 914.4m
Oblique Frame Altitude = 548.6m
The ground location of the nadir point can then be calculated according the
following.
Given H = Heading, A = Altitude, f = Focal Length,
(Xj,Yj) = focal plane coordinates of principal point
(Xn,Yn) = focal plane coordinates of nadir point
(X'j.Y'j) = Ground coordinates of principal point
Then:
Xn = X'l +
Yn =
The calculated position (in meters) of the aircraft at the time of imaging is
therefore:
Nadir Frame (-232.5m, 266.6m, 914.4m)
Oblique Frame . (255.7m, -1086.4m, 548.6m)
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The attitude of the aircraft was determined in the Nadir frame by measuring the
focal plane distance from the principal point to the nadir point and determining
the x roll and pitch angles relative to the calculated heading.
Since the frame camera freezes the aircraft attitude at the time of exposure, any
combination of roll, pitch and yaw which results in the same attitude captured in
the image will suffice for the simulations. As such, an attempt was made to limit
the attitude description to two parameters so as to make the photogrammetric
determination straightforward.
The nadir frame principle point was within 5 meters or so of the principle point of
the image, and, therefore, was very close to having a nominal attitude. The
attitude of the aircraft was estimated by determining the x and y ground distance
between the principal point and the nadir point and converting that to an
angular quantity through the use of the aircraft altitude. The calculated values
were small enough that they were omitted to avoid confusion during the
simulation phase.
The determination of the oblique frame attitude was somewhat problematic in
that the manner in which the image was collected was very different than the
manner in which it was simulated. The actual image was collected by putting
the aircraft into a steep turn approximately one kilometer from the Hawkeye
Works and the exposure was made when the plant was approximately in the
center of the frame. To mimic the external orientation of the image for use in the
simulation, it was more simple to model the orientation as an aircraft having a
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severe pitch and model the tilt of the horizon by imparting a small amount of
yaw. During the simulation process it was found that in order to generate the
imagery at sufficiently high resolution, it was necessary to center the target
better. To accomplish this, a certain amount of roll was imparted to the platform.
The orientation parameters used for the two images are shown below.
Nadir Frame Roll = 0.0 rad
Pitch = 0.0 rad
Yaw = 0.0 rad
Oblique Frame Roll = -0.1 rad
Pitch = 1.1 rad
Yaw = -.0625 rad
CIS Thermal Scanner
The Thermal Scanner validation image requires a very different analysis
methodology than was required for the Frame imagery. This is primarily
because aircraft position and attitude must now be determined as a function of
time.
Since the typical image from the Bendix Thermal Scanner is about 20000 lines
long, the region on the image that contained the scene of interest was located and
extracted from the image. The original image, identified as 10NOV2500P3.DAT,
contained 21205 lines of data. The Hawkeye region was found to fall in the range
between line 10000 and 15000. As such, this 5000 line section was extracted.
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The next step was to determine the altitude of the aircraft. The footprint of the
image was plotted on a map and the width of the swath was determined. Since
the Bendix Thermal Scanner images over a 60 range about nadir, the altitude
of the aircraft is equal to half of the swath width. In this particular case the
altitude was determined to be approximately 300 meters.
Using the same footprint plot, the heading was next calculated by bisecting the
plot and determining the angle of the bisector. Here the compass heading was
assumed to be a constant value and was measured to be -93.
The speed of the aircraft was determined by measuring the ground distance
covered and applying the equation below.
Given L = ground distance traversed during imaging
N = Number of scans collected
R = Scan rate of sensor
LR
Platform Speed = S = -^p
Determination of the time varying aircraft roll was accomplished in the following
manner. The roll information for the image is stored along with the image and is
extracted on a scan line by scan line basis in unit of pixel offset required to back
out the roll. This value was converted to roll angle by converting the number of
pixels required for correction to an angular value. The roll profile determined for
the Scanner image is shown in Figure 62.
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Figure 62, Roll Angle as a Function of Scan Line
4.2.2 Comparative Image Simulation Generation
Frame Camera - Nadir Image
In the process of recreating the geometry of actual imagery, it was deemed
necessary to reduce the resolution of the simulations by some factor so that
simulated imagery would be available in a reasonable period of time. The nadir
frame camera imagery was modeled at 1/3 of the resolution of the digitized film
simply because in the process of learning to use the new camera model
necessitated running preliminary simulations at low resolution with a wide field
of view and incrementally tightening up the field of view until the target filled the
image space. Since the only parameter which defines the geometry of the
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scene is the location of the imaging platform relative to the target, it was
deemed acceptable to factor in the scale difference in the analysis rather than
attempt to recreate the input scene on a pixel by pixel basis. The equation













Where: fsim focal length of the simulation
psim is the simulation detector pitch
fa is the focal length used for the actual image
pa is the effective detector pitch of the digitize image.
The simulation was run using the parameters determined during the image
preparation stage and the result is shown in Figure 63 along with a subsection
from the original image.
Frame Camera - Oblique
The nadir scene was run more closely approximating the actual system with a
0.1524m focal length and a detector pitch of 0.00008m. The resulting scale
difference is:
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Figure 64 shows the result of the simulation run along with a subsection from
the original image.
Line Scanner
The resolution and extent of the Line Scanner scene would, in order to
generate a pixel by pixel recreation, require a very large DIRSIG simulation.
Since there would be no benefit to such largess, this simulation was run at 1/2
the Bendix scan rate and a 1/2 the number of samples per scan line. The result
was be an image 1/4 of the size of the input image but with sufficient detail for
the accurate measurement of scene geometry. The simulation image is shown
in Figure 65 along with a subsection from the original Line Scanner image.
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Figure 63, Comparison of Actual Nadir Frame Image to DIRSIG Simulation
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Figure 64, Comparison of Actual Oblique Frame Image to DIRSIG Simulation
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Figure 65, Comparison of Actual Scanner Image to DIRSIG Simulation
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4.2.3 Comparative Simulation Analysis
Frame Camera - Nadir Image
As seen in Figure 63, the correspondence between the simulation and the
original image is very good. As verification of this, coordinates of like points in
both images were measured and a multiple linear regression was performed.
Though there was a bias term, this is to be expected since the two image are
translated differently within the image frame, the first order term relating the
scale of the two images, very close to the predicted scale difference of 0.333.
Figures 66 and 67 show the simulation x and y coordinates plotted against the
original image x and y coordinates for the same features. These plots show very
little residual error and the correct slope. The negative slope evident in the plots
is indicative of the 180 rotation which occurred between the coordinate system
of the original image and that of the simulation. Figure 68 is a scatter plot of the
Y residual errors as a function of the X residual errors resulting from the
regression model. The low correlation between the residuals indicates that
there are no significant interaction terms which have not been accounted for.
The detailed regression results are tabulated in Appendix C.
Frame Camera - Oblique Image
The simulation of the oblique frame camera image is shown in Figure 64. Once
again the correspondence between the simulation image and the actual image
is very good. Figures 69 and 70 show the Simulation X and Y coordinates
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Predicted Slope = - 0.333
Actual Slope = -0.299 o = 0.002
RA2 = 0.999
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Figure 66, Simulation X coordinate as a Function of Actual Image X Coordinate
for Frame Camera Nadir Image




























Predicted Slope = - 0.333 ^
Actual Slope = - 0.299 a = 0.003
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Figure 67, Simulation Y coordinate as a Function of Actual Image Y Coordinate
for .FrameCamera Nadir Image
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Figure 68, Scatter Plot of X and Y Residual Errors for Nadir Frame Camera
Simulation
plotted as a function of the X and Y image coordinates. The plots indicate very
low residual error and exactly the correct slope. Figure 71 shows the plot of the
X and Y residuals and, once again, there is little correlation and, therefore, not
higher order interaction error components. The detailed regression results for
this image are shown in Appendix C.
Line Scanner Image
Here again, the correspondence between the simulation image and the actual
image, as seen in Figure 65, is excellent. This is particularly important for this
case in that, unlike the frame camera images, the cameras observation point
and attitude vary from one line to the next. One will note in the actual Line
Scanner image that there is a certain degree of roll which does not seem to
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Figure 69, Simulation X coordinate as a Function of Actual Image X Coordinate

















Simulation Y Coordinate as a Function of Actual Image X Coordinate
Predicted Slope = 0.9456
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Figure 70, Simulation Y Coordinate as a Function of Actual Image Y Coordinate
for Frame Camera Oblique Image
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Scatter Plot of X and Y Residual Errors for Oblique Frame Camera Simulation
is l -- . - i --..- .
10.
Covariance = - 0.631
Correlation = - 0.043
15 20 25-10 -5 0 5 10
X Residual Error (pixels)
Figure 71 , Scatter Plot of X and Y Residual Errors for Oblique Frame Camera
Simulation
have been modeled in the simulation. Figures 72 and 73, which show the
simulation X and Y coordinates as a function of the actual imagery X and Y
coordinates, indicate very little residual error. Figure 74, showing the residuals
for the X and Y coordinates, indicates that, although there is no correlation
between the X and Y coordinates, the X coordinate does exhibit a moderate
scale difference. This is likely due to inaccuracy in the altitude parameter
assumed for the simulation. Analysis of the residual information indicates that
the actual altitude for the aircraft was probably 320 meters rather than the 305
used in the simulation. The regression results for this image are included in
Appendix C.
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Figure 72, Simulation X Coordinate as a Function of Actual Image X Coordinate
for Line Scanner Image
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re 73, Simulation Y coordinate as a Function of Actual Image Y Coordinate
for Line Scanner Image
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Figure 74, Scatter Plot of X and Y Residual Errors for Line Scanner Simulation
5.0 Conclusions
5.1 Assessment of Model Performance
Based on the results of the Deterministic evaluation and the use of actual
imagery in the validation process, it is clear that the model is, for the cases
presented, performing correctly. The factors which make more surgical assess
ment of the performance difficult are, for the deterministic validation effort, the
poor prediction of the parameter interactions using the prediction model, and,
for the actual image validation, the imprecise knowledge of the aircraft point of
observation. Further, as a result of the numerous sources of information which
needed to be fused, the Hawkeye Scene Model can only be trusted to an accu
racy of several feet with regard to the man-made structures and several times
that with regard to the terrain. Given the accuracy requirements to be placed on
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the performance of the DIRSIG camera model, however, the demonstrated
performance is completely in line with the requirements and should therefore be
considered to be validated.
5.2 Assessment of Validation Completeness
The basic performance of the model with regards to the simulation of the
various sensor types can be considered to be completely validated. This
includes the modeling of the sensors internal geometry (focal length, detector
pitch, scan geometry, etc.) and modeling of the sensor's time varying external
geometry (X, Y, Z Roll, Pitch and Yaw) to the extent that it worked sufficiently
well to process a line scanner image and frame image of correct orientation.
Complex platform geometry's have not been numerically validated, nor have
orbital geometry's been tested or validated.
The model, as delivered, has a host of built in options which have not been
tested or validated. These options include modeling of line scanner skew, Earth
rotation, spectral band offsets, detector to detector offsets, along track and cross
track look angle capabilities, target centering and target offset specification.
6.0 Recommendations
Typically, the addition of capability to an application also adds complexity. This
effort was no exception. The ability to now fully define the external and internal
orientation of the sensor model requires that the DIRSIG user develop a
meaningful understanding of the various parameters. A user concerned less
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with sensor geometry than with atmospheric effects could easily become
frustrated with amount of camera model specification required to obtain a
simulation. DIRSIG already requires a certain number of files be generated prior
to run time as part of the radiometric modeling so it is not unreasonable that the
sensor specification be handled in a similar manner. It is the recommendation of
the author that an application be developed to automate specification of the
sensor/target geometric relationship. Useful features of such an application
would be the use of boiler plate sensor specifications and motion profiles,
prediction of target location within the specified field of view, and coordination of
sensor specification with the generation of radiometric parameters.
7.0 Future Work
Additional work that could be applied to the DIRSIG camera model include
validation of model features already present in the model as well as
development of capabilities not yet modeled.
The model capabilities that have not yet been validated are detailed in the
conclusions section of this document.
Usage of the new camera model, as it is currently implemented, is considerably
more difficult than the old camera model, To start, there are many more required
parameters needed in order to minimally specify a camera model and the user
must be proficient in the application of the parameters. Also, the addition of
motion profiles to DIRSIG make the possibility of missing the target during a
simulation a continual frustration for the uninitiated. Work, therefore, should be
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directed to the simplification and improvement of the user interface to DIRSIG so
that many of the camera model options become automatic. It would be helpful
for such a user interface to make use of a simple prediction formula, such as
that detailed in the Deterministic Validation Procedures in this document, to
graphically illustrate for the user the expected layout of the simulation image.
Such an application could make use of either the scene bounding box, the
object bounding boxes, or the part bounding boxes, depending on the
resolution desired by the user. The small number of scene points required to
generate this graphic could allow for the application to be interactive.
The motion profile capability of the camera model allows for the simulation of
extremely complex imaging geometry's. An example of such a complex
geometry is where the roll, pitch and yaw can be coordinated so as to direct the
line of sight of the vehicle along any path on the ground. The generation of such
a motion profile would require development and implementation of fairly
complex geometric algorithms and software.
Lastly, as DIRSIG will be instrumental in the successful construction and testing
of the MISI, work should be performed in the near term to generate realistic
motion and sensor models of this system so that when the MISI becomes
operational the performance of the system can be quickly validated. High
quality simulation of the MISI imagery would also serve as a valuable marketing
tool in building a user base for the sensor.
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Appendices
Appendix A, Model Description
A.1 Camera Model Overview
The new DIRSIG camera model, schematically illustrated in Figure A1, is
comprised of four major sections; User Input, Generate Motion Profile, Initialize
Line of Sight Vectors and Generate Line of Sight Vectors. The User Input
section allows the user to specify the characteristics of the sensor and platform
to be modeled. Generate Motion Profile takes the user input platform motion
information and generates a scan line by scan line database of platform x, y, z,
Roll, Pitch and Yaw. Initialize Line of Sight Vectors generates the unit vectors
which define the line of sight for the detectors of a single system scan. Generate
Line of Sight Vectors is called for each motion profile record and serves to
impart the platform motion characteristics for the current imaging time to the
initial line of sight vector set. The following text describes in detail the
functioning of each of these sections. The flow diagrams used in the





























Figure A1, Overview of Camera Model Modules
A.2 User Input Module
The user input section, schematically illustrated in Figures A9 through A12, has
the purpose of gathering together all of the information needed to control the
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operation of the camera model during a given simulation. The module requires
the input of two specification file and, depending on the final run time
configuration of DIRSIG, either a third file or a set of command line entries
defining settings for a number of run time options.
The first required input file is the Platform Specification File (filename.psf). This
file contains all of the information which defines the internal orientation of the
sensor. Table A1 shows the values that must be specified in the Platform
Specification File, Figures A2 through A6 illustrate the selected geometric
parameters and examples of PSFs for some common sensors are included in
the Appendix C.
The second required file is the Motion Profile File (filename.prf). This file
contains the information required to define the sensors position and attitude, or
external orientation, as a function or time. The Motion Profile File can be in one
of two forms. The first form is referred to as the detailed form and it contains, for
each system scan to be performed during the simulation, the X, Y, and Z
position coordinates of the platform, and its Roll, Pitch and Yaw orientation
angles. This form is intended for the detailed investigation into the effects of
platform characteristics on observed phenomenology or for the exact recreation
of particular images. The second form of the file is referred to as the simple form
and it contains time invariant values for the platforms Speed, Heading, Altitude,
Roll, Pitch and Yaw. This form is intended for the day to day runs of the DIRSIG
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Table A1 , Platform Specification File Parameters
Parameter Units Description
PlatformJD Char Sensor descriptor ( TM, HRV, MISI, etc.).
Platform_Type 0,A Type of sensor platform to be used (Orbital or Airborne).
Scanner Type L,P,F Type of data collection (Line Scanner, Pushbroom Scanner or Frame).
Orbital_Altitude m Nominal altitude of orbital platform above Earth's surface (-1 for
Airborne platforms).
Orbitaljnclination rad Angle between the equator and the equatorial ascending path of the
orbital platform (-1 for Airborne platforms).
Scanner_Duty_Cycle 0>, <=1 Percentage of time that a line scanner collects image data during each
scan cycle.
Scan_Rate ms Time required for each scan, unless overridden by the Motion Profile
File, or by User Input.
Focal_Length m Focal length of the sensor optics measured in meters.
Number Of Bands int Number of spectral bands resident on the sensor.
For Each Band...
Band_Name char Spectral band descriptor.
Samples_Per_Line int Number of cross track pixels collected with each scan.
Lines_Per_Scan int Number of image lines collected with each scan.
Cross_Track_Pitch m Cross track focal plane distance between each successive detector.
Along_Track_Pitch m Along track focal plane distance between each successive detector.
Band_Offset rad Angular displacement of the given spectral band from the paraxial
center of the focal plane.
Detector_Offset m Along scan detector to detector offset (staggering) measured in meters
(Always assumed to be along scan).
NumWavelengths int Number of wavelength values used to specify the spectral responsivity
of the band.
For Each Wavelength
Wavelength Wavelength for the current record.











Figure A3, Illustration of Line Scanner Imaging Cycle
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Figure A4, Frame Camera Focal Plane Diagram




















Figure A5, Line Scanner Focal Plane Diagram
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Figure A6, Pushbroom Scanner Focal Plane Diagram
system where specific platform motion characteristics are not required. Both the
platform specification file and the motion profile file are used in the generation
of the run-time motion profile records. Examples of both kinds of motion profile
files are included in the Appendix C of this document.
In addition to the run time parameters already discussed, there are a set of
conditional run time options that can be used to adjust the fidelity of the camera
model simulation under certain situations. Table A2 summarizes the options
and the conditions under which the various options can be utilized. The check
mark (V) indicates that the parameter specification is permissible for the
modeled sensor and platform type. Lack of a check mark indicates that the
parameter has no meaning within the specified context.
10'
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* L is Line Scanner, P is Pushbroom Scanner
The following provides a brief description of each of the conditional run time
parameters.
Scan Correction Flag - The Scan Correction Flag, when set to True, indicates to
the model that line scanner skewing should not be modeled. The alternative
specification of False indicates that the skew effect should be modeled.
Model Detector Offset - The structural characteristics of detector designs
sometimes prevent close placement of individual detectors. A common design
alternative is to stagger the placement of the detectors in the along scan
direction and correct for the resulting line to line displacement of the image data
during post collection processing. When modeling a line or pushbroom
scanner, the user has the option of modeling along scan detector to detector
offsets. The default for this option is to not model the offset and set the
parameter to zero during the run.
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The following assignments take place as a result of this run time option. Line
and pushbroom scanners can only have detector offset in the direction of scan
so the model must determine the relationship between the scan direction and
the along track direction. This is accomplished via the assignments shown in
Table A3. Two parameters, ATOffset and CTOffset, are assigned the Platform
Specification File value of DetOffset depending on the focal plane configuration
of the sensor type. For pushbroom scanners, the along track direction
corresponds to the along scan direction and for line scanners the cross track
direction corresponds to the along scan direction.






Scanner Type Line Scanner Pushbroom All
ATDetOffset 0.0 DetOffset 0.0
CTDetOffset DetOffset 0.0 0.0
Register Spectral Bands - The design of multispectral scanners systems often
require that the individual detector arrays for the various spectral bands be
placed in the focal plane such that they are offset from one another by some
distance. In most cases the resulting image displacement between the various
spectral band images is removed before the user has access to the data. For
this camera model implementation the user has the option to allow the system
specified spectral band offset to be used in order to create an accurate
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simulation of the relationship between the various band of the system, or to set
the band offset values of the various bands to zero thereby registering the
spectral bands. The former case is accomplished by assigning a value of False
to the RegisterSpectralBands value and the latter by assigning a value of True.
Table A4 indicates how the BandOffset value in the platform specification file is
allocated to ATBandOffset and CTBandOffset parameters in order to align the
along scan direction with the appropriate ground track.







Scanner Type Line Scanner Pushbroom All
ATBandOffset 0.0 BandOffset 0.0
CTBandOffset BandOffset 0.0 0.0
Model Earth Rotation - If the Platform Specification File indicates that the
platform is of the orbital type, the user will be prompted as to whether or not the
effects of the Earth's rotation should be modeled. A True response will cause
the rotation effects to be modeled.
The following options are not conditional and can be specified for any platform
and sensor type.
Spectral Bands The spectral bands available are those which have been
specified in the Platform Specification File, though, if the user so desires, a new
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Platform Specification File containing any desired spectral band could be
written and used.
Target Latitude - The user is requested to enter the Latitude of the target point.
For the Camera model, this values is used only for Earth Rotation Modeling,
although DIRSIG uses the Latitude and Longitude of the target for other
radiometric modeling.
Sensor Look Angles - Platforms types such as HRV and HRMSI have the
capability of pointing the sensor away from nadir as a means of improving the
sensor's revisit performance and for the purpose of collecting stereo imagery.
The user can, if so desired, specify cross track and along track look angles for
any sensor, although it is not a capability of most systems.
Target Offset Value - The user can specify a target offset value which will
effectively shift the point on the focal plane where the scene origin will be
imaged. This gives the user the capability of simulating off-axis geometric and
radiometric effects. The Target Offset parameter is illustrated in Figure A7.
Target Centering - The new camera model offers the user extensive control over
the position and view angles of the sensor. This capability, however, places the
responsibility of ensuring that the target is imaged entirely on the user. For
situations where the user is less concerned with the absolute position of the
target in the image than of the effects of sensor or motion characteristics a target
centering option has been made available. If selected, the supplied motion
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Figure A8, Illustration of Target Centering Parameter
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during the time zero scan line of the profile. The Target Centering parameter is
illustrated in Figure A8
Output Image Size - The platform specification files contain the characteristics of
systems whose focal plane sizes are impractical and unnecessary to simulate.
The user is, therefore, provided the capability to select the corner coordinates of
the focal plane subsection desired for simulation.
This module also has the task of defining a number of important internal
variables. First, the User Input module determines the type of sampling that
needs to take place at the focal plane in order to simulate the particular types of
scanners being modeled. The detectors of the Frame Camera and Pushbroom
Scanner, for instance, are placed at equal spatial increments along the focal
plane. Conversely, the detectors of a Line Scanner, if they can be visualized as
all existing at the same time, are placed at equal angular increments in the
cross track direction, and, if more than one line per scan is collected, the along
track detectors are placed at equal spatial increments. In order to keep track of
the correct sampling configuration, the variable CTSampling and ATSampling
are assigned values according to the Table A5.
Table A5, Focal Plane Sampling Parameter Assignment
Scanner Type CTSampling ATSampling
Frame Camera Spatial Spatial
Line Scanner Angular Spatial
Pushbroom Scanner Spatial Spatial
109
Another important set of parameters for which assignments depend on the
scanner type, and by inference, the focal plane sampling, are the Along Track
and Cross Track Detector Increment values (ATlncrement, CTIncrement).
These parameters indicate the distance between adjacent detectors in both the
along track and cross track directions. It is important to note that if, for instance,
the CTSampling parameter is assigned a value of "Angular", then the
CTIncrement value is measure in radians. If the focal plane sampling is spatial,
then the increment value is measured in meters. The assignments that occur
based on the different focal plane sampling situations are shown in Table A6.
Table A6, Cross Tack and Along Track Detector Increment Assignments







* ATPitch, CTPitch, ScannerDutyCycle, and NumSamplesPerScan are defined
in the Platform Specification File
As a convenience, parameters for orbital platforms are converted to values that
can be used by the DIRSIG camera model. The ground speed of the orbital
platform is calculated from the orbital altitude value from the Platform
Specification File according to the equation:
110
o jw ^ / GravParam ReSpeedVal =^ Re + 0rbA|t Re + OrbAlt
Where: Re = Earth Radius = 6367465 m
OrbAlt = Orbital Altitude above the Earth's surface in meters as
specified in the Platform Specification File
GravParam = Gravitational constant for Earth = 3.986012 x 1014 -m-o
sec^
The first term calculates the magnitude of the platform's velocity vector and the
second term determines the speed of the platforms nadir projection on the
ground.
The orbital altitude of the platform is assigned to the AltitudeVal and the
Orbitallnclination value is converted and assigned to the HeadingVal parameter
according to the equation:
3%
HeadingVal = -^- - Orbitallnclination
The convention used for this conversion is that, as seen in Figure A2, the orbital
inclination is the angle between the ascending node of the satellite orbit and the
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Figure A12, Camera Model Flow Diagram, Determine Orbital Parameters
Routine
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A.3 Generate Motion Profile Module
The Generate Motion Profile section, schematically illustrated in Figures A13
through A18, interprets the user entered position and attitude information and
generates a scan line by scan line database of platform X,Y,Z, Roll, Pitch and
Yaw.
The first task performed in this module is to read in the motion profile
information. This file can be in one of the two possible forms, the detailed
motion profile file or the simple motion profile file. The following two sections
describes how DIRSIG deals with these two file formats.
Reading the Detailed Motion Profile
The detailed motion profile file contains the position and orientation information
for the platform for each set of scan lines to be produced. Each record of the file
must contain seven fields. Field 1 is the scan time field. If the Target Centering
option is selected, the origin of the scene will be imaged during the Scantime =
0 record. Otherwise, the Scantime records are used only to calculate the Scan
Rate parameter. Fields 2 through 4 are the X, Y and Z location of the platform for
the current scanline. Fields 5 through 7 are the Roll, Pitch and Yaw of the
platform for the current scanline.
Reading the Simple Motion Profile File
This module, called when the user does not supply a motion profile file, takes
the user specified values for platform Heading, Speed, Altitude , Roll, Pitch and
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Yaw, the desired number of output lines, and certain values from the Platform
Specification File and generates an initial Motion Profile File. The module first
calculates the number of scans that are required to achieve the output number
of lines of imagery.
NumLines
NumScans = NumLinesPerScan
For each scan the module then calculates the motion profile record values
according to the following set of equations.





Pitch (ScanNum) = PitchVal
Yaw(ScanNum) = YawVal
Read Motion Profile module, calculates the scan rate by subtracting the first
ScanTime value from the last ScanTime value and dividing the result by the
number of records in the file, and locates the values in the ScanTime = 0 record.
When either path is complete, the module calls Adjust Motion Profile.
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Adjusting the Motion Profile
The many variations of run time option that are selectable by the user require
that, in some way, the motion profile file be adjusted in order to include one or
another simulation characteristic. Modeling options such as Earth Rotation, Line
Scanner Skew, Target Offset and Target Centering can be incorporated into
the camera mode simply by adjusting the position and or attitude of the platform
as a function of time. The following is a description of the calculations required
to calculate the adjustments to be made to the motion profile.
Earth Rotation Adjustment
The Earth Rotation adjustment is accomplished by calculating the velocity of the
Earth's surface at the target point via the following equation and shifting the
location of the platform in the opposite direction as a function of time. The Earth
rotation adjustment factor is applied only to the Y values of the profile file.
Vs = Sin-"1 (2 - TargetLat y|g) Re Qe
Where: TargetLat is the geodetic latitude of the target being simulated
Re is the radius of the Earth = 6367465m
Qe is the angular velocity of the Earth = 7.2921 1856 x 105^
The Scan Correction Adjustment Factor - Line scanner skew is applied to the
simulation by calculating the skew angle associated with the platform and
adding the skew angle to the profile yaw values.
_ T -1
,NumLinesPerScanScannerDutyCycle
Skew -Tan ( NumSamplesPerScan '
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Target Centering Adjustment
The target centering feature, as depicted in Figure A8 allows the user to force
the motion profile to image the scene aim point during the time zero motion
profile record. The equation below takes into account the along track look
angle, cross track look angle, and the Zero ScanTime Roll, Pitch and Yaw of the
platform and calculates the X, Y and Z coordinates of the point where the






CosfY)Cos(P) Cos(Y)Sin(P)Sin(R)-Sin(Y)Cos(R) Cos(Y)Sin(P)Cos(R)+Sin(Y)Sin(R) 0
SinfY)Cos(P) Sin(Y)Sin(P)Sin(R)+Cos(Y)Cos(R) Sin(Y)Sin(P)Cos(R)-Cos(Y)Sin(R) 0
-Sin(P) Cos(P)Sin(R) Cos(P)Cos(R) 0
0 0 0 1
R = Roll(ScanTZero)
P = Pitch (ScanTZero)
Y = Yaw(ScanTZero)
PointingVec =
Cos(A) Sin(A)Sin(C) Sin(A)Cos(C) 0
0 Cos(C) -Sin(C) 0
-Sin(A) Cos(A)Sin(C) Cos(A)Cos(C) 0
l_o 0 0 1
A = Along Track Look Angle











= Platform location to image target at ScanTime = 0
Calculate Target Offset
The target offset is the distance that the platform needs to be shifted in order for
the scene origin to be imaged at the user designated focal plane location. The
target offset, illustrated in Figure A7, is determined using one of the two
following equations
For CTSampling = "Spatial"
^ ~ -,, -r~, x ,-^Aw .CTIncrement
TargetOffset = Z(ScanTZero)PCAVal*Foca |Lengtn




Where: Target Offset is the distance in meters that the platform must be shifted
Z(ScanTZero) is the Z value of the record having the ScanTime closest to
zero
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PCAVal is the user defined location on the focal plane for the image of
the scene origin
ScannerDutyCycle is the percentage of time during the scan cycle that
image data is collected
NumSamplesPerScan is the number of samples collected by a single
line during a single scan
Applying Adjustment Factors to Motion Profile
The motion profile records are adjusted through a bulk adjustment according to
the equations shown below. Parameters not shown below are left as is and are
not adjusted.
X(ScanNum) = X(ScanNum) - X(ScanTZero) + Xtc- TargetOffsetSin(
-(Yaw(ScanTZero) + Skew))
Y(ScanNum) = Y(ScanNum) + VsTime(ScanNum) - Y(ScanTZero) + Ytc -
TargetOffsetCos(-(Yaw(ScanTZero) + Skew))
Yaw(ScanNum) = HeadingVal + Yaw(ScanNum) + Skew
Where: ScanNum is the sequential number indicating the record number of the
current motion profile record.
X(ScanNum) and Y(ScanNum) are the X and Y motion profile values for
record ScanNum
Yaw(ScanNum) is the Yaw motion profile value for record ScanNum
ScanTZero is the record number of the record having the time value
closest to zero.
Xtc and Ytc are the x and y coordinates of the point in space where the
platform must be located in order to image the target center
121
TargetOffset is the distance on the ground that the profile must be shifted
in order to shift the image on the focal plane by the user
specified distance
Vs is the velocity of the Earth's surface at the latitude specified for the
target.
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Figure A16, Camera Model Flow Diagram, Adjust Motion Profile Routine
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Figure A18, Camera Model Flow Diagram, Calculate Target Offset Routine
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A.4 Initialize Line of Sight Vectors Module
The Initialize Line of Sight Vectors module, schematically illustrated in Figures
A20 through A23 generates an array of unit vectors which define the line of
sight of each detector in a scanline set. The process used by the module is to
define the three dimension location, either actual or virtual, of each detector
with respect to the optics' nodal point. The pointing vector from the nodal point
to each detector is then negated and normalized. The resulting vector is then
transformed using the PointingVec transformation matrix calculated earlier so
as to impart the user specified look angles to the line of sight vectors, as would
be the case in modeling off nadir SPOT imagery. The following text describes
each of the transformations.
Determination of Focal Plane Parameters
This module calculates a number of values necessary for modeling the focal
plane configuration. Since it is often impractical to simulate the full detector
array of the platforms being modeled, this module identifies the subset of the
system focal plane array that will be extracted for simulation processing. The
module calculates the cross track detector address for the first detector of the
array subset to be processed, referred to as Dstart. The range of detectors to be
processed by the camera model is defined to be centered on the user defined




Dstart = DetectorOffset - Trunc -rj
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Where: DetectorOffset is the user specified detector address bias
NumSamples is the user specified output image width
The module also calculates a correction value to account for the p pixel shift
associated with the use of even numbered detectors in the array. This value is
used to offset the angular location of the line of sight vectors to make them
paraxially symmetric.
EvenArrayCorrection = Dstart - [DetectorOffset - TruncfNumS|mplesY)
Calculation of Focal Plane Detector Pointing Vector
The detector pointing vector defines the three dimensional location of a given
detector with respect to the origin, or nodal point, of the optical system
coordinate frame. Recall that the two variables, ATSampling and CTSampling,
were defined in the user input section and that their purpose was to establish
the of the sampling of the focal plane as being in either equal spatial increments
or equal angular increments. Although four sampling cases are possible, only
two sampling cases are required to cover the imaging systems modeled here.
The following equations define the detector pointing vectors for each of these
cases.
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Sampling Case 1: Line Scanner Focal Plane Sampling
ATSampling = Spatial, CTSampling = Angular
DetPointingVec =
-r, * NumLinesPerScan-1 AT, .__ . , ..^._.AATIncrement- = ATlncrement+ATDetOffset* 2M0DI w 1-1#<
FocalLengtlrSin((C-EvenArrayCorrection)CTIncrement)+CTDetOffset/2MOD(2 )-1
FocalLengthCos(CCTIncrement)
Sampling Case 2: Frame Camera and Pushbroom Focal Plane Sampling




NumLinesPerScan-1 AT1A'ATIncrement - z ATlncrement
(C-EvenArrayCorrection)CTIncrement
FocalLength
Note that the Modulus terms in the X and Y components are used for the
detector to detector offset simulation.
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Generation of Initial Line of Sight (LOS) Vector Set
DetPointVec is a vector which points from the optics nodal point to each of the
individual detectors. Line of sight vectors for each of these detectors is
determined by reversing and normalizing the vectors.
xm x- w / *i DetPointingVec(C,A)DetPointingVec(C,A) = - xr% . x. * ;
'
;M v ' |DetPointingVec(C,A)|
Where: DetPointVec is the vector from the optics node to the current detector
C is the cross track detector address (Dstart to Dstart + NumSamples)
A is the along track detector address ranging from 0 to
NumLinesPerScan - 1
The initial line of sight vector set is then adjusted to account for the sensor look
angle.
LOS(C,A) = PointingVec DetPointingVec(C,A)
Where: PointingVec is the pointing vector transformation matrix calculated in
the Generate Motion Profile Module
The result of these two calculations is a set of unit vectors anchored at the origin
of the reference coordinate system, as shown in Figure A19. This is the Initial















































































































































































































































































































Figure A22, Camera Model Flow Diagram, Calculate Detector Pointing Vectors
Routine
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A.5 Generate Line of Sight Vectors Module
The Generate Line of Sight Vectors, schematically illustrated in Figure A25
through section takes as input the initial set of line of sight vectors along with
the motion profile database and generates, for each scan line, a set of line of
sight vectors which emanate from the platform X,Y and Z location for the current
time and posses the Roll, Pitch and Yaw characteristics of the platform.
This module retrieves the values from the ScanNum record of the Motion Profile
File and then creates the ExtOrientTransform matrix shown below
ExtOrientTransform =
Cos(Y)Cos(P) Cos(Y)Sin(P)Sin(R)-Sin(Y)Cos(R) Cos(Y)Sin(P)Cos(R)+Sin(Y)Sin(R) 0
Sin(Y)Cos(P) Sin(Y)Sin(P)Sin(R)+Cos(Y)Cos(R) Sin(Y)Sin(P)Cos(R)-Cos(Y)Sin(R) 0
-Sin(P) Cos(P)Sin(R) Cos(P)Cos(R) 0
0 0 0 1
-1
Where: R is the roll value from the ScanNum record of the Motion Profile
P is the pitch value from the ScanNum record of the Motion Profile
Y is the yaw value from the ScanNum record of the Motion Profile








The module loops through all of the vectors in the Initial LOS Vector set and
performs the following matrix multiplication on each. The result of the
computation is a set of line of sight unit vectors relative to InitialPoint.
"Xt(C,A)-
TerminalPoint(C,A) = LOS(C,A)*ExtOrientTransform =
Yt(C,A)
Zt(C,A)






Figure A23, LOS Vectors After Application of Platform Position and Attitude
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Pass LOS Vectors Back to DIRSIG Ray Tracer
Upon completion of the LOS calculations, the camera model passes back to the
DIRSIG ray tracer the initial point of the LOS vector set and the terminal points
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Figure A26, Camera Model Flow Diagram, Pass LOS Vectors to DIRSIG
Routine
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Appendix C, Validation Data
C.1 Platform Specification Files
Pushbroom Platform Specification File Used for Deterministic Validation
#





# 1 -> FIXED
# 2->AIRBORN
# 3 -> ORBITAL
ORBITAL_ALTITUDE = -1
# +n -> ALTITUDE (meters)
# -1 -> M/A (PLATFORM_TYPE cannot be ORBITAL)
ORBITALJNCLINATION = -1
# +n -> INCLINATION (meters)
# -1 -> N/A (PLATFORMJTYPE cannot be ORBITAL)
SCANNER_TYPE = 3
# 1 -> FRAME
# 2 -> LINE SCANNER
# 3 -> PUSHBROOM SCANNER
SCANNER_DUTY_CYCLE= 0.25
# +n -> DUTY CYCLE (%)
# -1 -> N/A (SCANNER_TYPE must be FRAME)
SCAN_RATE = 50.0
# +n -> SCAN RATE (ms)
# -1 -> N/A (SCANNERJTYPE must be FRAME)
FOCAL_LENGTH = 0.125
# n -> FOCAL LENGTH (meters)
NUMBER_OF_BANDS = 1





# n -> BANDJD
SAMPLES_PER_LINE = 256
# n -> SAMPLES_PER_LINE
LINES_PER_SCAN = 1
# n = LINES_PER_SCAN
CROSS_TRACK_PITCH = 0.001
# n = CROSS_TRACK_PITCH(um)
ALONG_TRACK_PITCH = 0.0
# n = ALONG_TRACK_PITCH (um)
BAND_OFFSET=0.0
# n = BAND_OFFSET (radians)
DETECTOR_OFFSET = 0.0
# n = DETECTOR_OFFSET (radians)
BAND END .
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Frame Camera Platform Specification File Used for Deterministic Validation
#





# 1 -> FIXED
# 2 -> AIRBORN
# 3 -> ORBITAL
ORBITAL_ALTITUDE = -1
# +n -> ALTITUDE (meters)
# -1 -> N/A (PLATFORMJTYPE cannot be ORBITAL)
ORBITALJNCLINATION = -1
# +n -> INCLINATION (meters)
# -1 -> N/A (PLATFORMJTYPE cannot be ORBITAL)
SCANNERJTYPE=1
# 1 -> FRAME
# 2 -> LINE SCANNER
# 3 -> PUSHBROOM SCANNER
SCANNER_DUTY_CYCLE = -1
# +n-> DUTY CYCLE (%)
# -1 -> N/A (SCANNERJTYPE must be FRAME)
SCAN_RATE= -1
# +n -> SCAN RATE (ms)
# -1 -> N/A (SCANNERJTYPE must be FRAME)
FOCAL_LENGTH = 0.125
# n -> FOCAL LENGTH (meters)
NUMBER_OF_BANDS = 1





# n -> BANDJD
SAMPLESJPERjLlNE = 256
# n -> SAMPLES_PER_LINE
LINES_PER_SCAN = 256
# n = LINES_PER_SCAN
CROSSJTRACKJPITCH = 0.001
# n = CROSSJTRACK_PITCH (um)
ALONGJTRACK_P.TCH = 0.001
# n = ALONGJTRACK_PITCH (um)
BAND_OFFSET=0.0
# n = BANDJDFFSET (radians)
DETECTORJDFFSET = 0.0
# n = DETECTORJDFFSET (radians)
BAND_END .
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Line Scanner Platform Specification File Used for Deterministic Validation
#





# 1 -> FIXED
# 2->AIRBORN
# 3 -> ORBITAL
ORBITAL_ALTITUDE = -1
# +n -> ALTITUDE (meters)
# -1 -> N/A (PLATFORMJTYPE cannot be ORBITAL)
ORBITALJNCLINATION = -1
# +n -> INCLINATION (meters)
# -1 -> N/A (PLATFORMJTYPE cannot be ORBITAL)
SCANNERJTYPE = 2
# 1 -> FRAME
# 2 -> LINE SCANNER
# 3 -> PUSHBROOM SCANNER
SCANNER_DUTY_CYCLE = 0.25
# +n-> DUTY CYCLE (%)
# -1 -> N/A (SCANNERJTYPE must be FRAME)
SCAN_RATE = 50.0
# +n -> SCAN RATE (ms)
# -1 -> N/A (SCANNERJTYPE must be FRAME)
FOCAL_LENGTH = 0.125
# n -> FOCAL LENGTH (meters)
NUMBERJDF_BANDS = 1
# n-> NUMBEROF BANDS
SYSTEM_END
BAND_BEGIN = 1
# n -> NEW BAND (2)
BANDJD = TEST_BAND1
# n -> BANDJD
SAMPLES_PER_LINE = 256
# n -> SAMPLES_PER_LINE
LlNES_PER_SCAN = 1
# n = LINES_PER_SCAN
CROSSJTRACKJPITCH = 0.0
# n = CROSSJTRACKJPITCH (um)
ALONGJTRACK_PITCH = 0.0
# n = ALONGJTFtACK_P,TCH(um)
BAND_OFFSET=0.0
# n = BAND_OFFSET (radians)
DETECTORJDFFSET = 0.0
# n = DETECTOR_OFFSET (radians)
BAND_END .
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Bendix Thermal Line Scanner - Half Resolution Platform Specification File
#





# 1 -> FIXED
# 2->AIRBORN
# 3 -> ORBITAL
ORBITAL_ALTITUDE = -1
# +n -> ALTITUDE (meters)
# -1 -> N/A (PLATFORMJTYPE cannot be ORBITAL)
ORBITALJNCLINATION = -1
# -i-n -> INCLINATION (meters)
# -1 -> N/A (PLATFORMJTYPE cannot be ORBITAL)
SCANNERJTYPE = 2
# 1 -> FRAME
# 2 -> LINE SCANNER
# 3 -> PUSHBROOM SCANNER
SCANNER_DUTY_CYCLE = 0.333
# +n-> DUTY CYCLE (%)
# -1 -> N/A (SCANNERJTYPE must be FRAME)
SCAN_RATE= 1.716
# +n-> SCAN RATE (ms)
# -1 -> N/A (SCANNERJYPE must be FRAME)
FOCALJ.ENGTH = 0.1524
# n -> FOCAL LENGTH (meters)
NUMBER_OF_BANDS = 1





# n -> BANDJD
SAMPLESJPERjLlNE = 950
# n -> SAMPLESJ'ERJ.INE
LINESJPERJSCAN = 1
# n = LINES_PER_SCAN
CROSSJTRACKJPITCH = 0.0
# n = CROSSJTIACK_PITCH(um)
ALONGJTRACK_PITCH = 0.0
# n = ALONGJTRACKJPITCH (um)
BAND_OFFSET=0.0
# n = BANDJDFFSET (radians)
DETECTORJDFFSET= 0.0
# n = DETECTORJDFFSET (radians)
BAND_END .
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Zeiss RMK Frame Camera Platform Specifiaction File (Oblique Frame Camera)





# 1 -> FIXED
# 2 -> AIRBORN
# 3 -> ORBITAL
ORBITAL_ALTITUDE = -1
# +n -> ALTITUDE (meters)
# -1 -> N/A (PLATFORMJTYPE cannot be ORBITAL)
ORBITALJNCLINATION = -1
# +n -> INCLINATION (meters)
# -1 -> N/A (PLATFORMJTYPE cannot be ORBITAL)
SCANNERJTYPE=1
# 1 -> FRAME
# 2 -> LINE SCANNER
# 3 -> PUSHBROOM SCANNER
SCANNER_DUTY_CYCLE = -1
# +n-> DUTY CYCLE (%)
# -1 -> N/A (SCANNERJTYPE must be FRAME)
SCAN_RATE = -1
# +n -> SCAN RATE (ms)
# -1 -> N/A (SCANNERJTYPE must be FRAME)
FOCALJ.ENGTH = 0.1524
# n -> FOCAL LENGTH (meters)
NUMBER_OF_BANDS = 1





# n -> BANDJD
SAMPLESJPER_LINE= 1024
# n -> SAMPLESJ>ER_LINE
LINES_PER_SCAN = 512
# n = LINES_PER_SCAN
CROSS_TRACK_PITCH = 0.00008
# n = CROSSJTIACK_PITCH(um)
ALONGJTRACKJPITCH = 0.00008
# n = ALONGJTRACK_PITCH (um)
BAND_OFFSET=0.0
# n = BANDJDFFSET (radians)
DETECTORJDFFSET = 0.0
# n = DETECTOR_OFFSET (radians)
BAND END
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Zeiss RMK Frame Camera Platform Specifiaction File (Nadir Frame Camera)
#





# 1 -> FIXED





# +n -> ALTITUDE (meters)
# -1 -> N/A (PLATFORMJTYPE cannot be ORBITAL)
ORBITALJNCLINATION = -1
# +n -> INCLINATION (meters)
# -1 -> N/A (PLATFORMJTYPE cannot be ORBITAL)
SCANNERJTYPE=1
# 1 -> FRAME
# 2 -> LINE SCANNER
# 3 -> PUSHBROOM SCANNER
SCANNER_DUTY_CYCLE = -1
# +n-> DUTYCYCLE (%)
# -1 -> N/A (SCANNERJTYPE must be FRAME)
SCAN_RATE= -1
# +n-> SCAN RATE (ms)
# -1 -> N/A (SCANNERJTYPE must be FRAME)
FOCALJ.ENGTH = 0.3
# n -> FOCAL LENGTH (meters)
NUMBERJDF_BANDS = 1





# n -> BANDJD
SAMPLESJPERjLlNE = 512
# n -> SAMPLESJ^RJJNE
LINES_PER_SCAN = 512
# n = LINES_PER_SCAN
CROSSJTRACK_PITCH = 0.0005
# n = CROSSJTRACK_PITCH (um)
ALONGJTRACKJPITCH = 0.0005
# n = ALONGJTRACK_PITCH (um)
BAND_OFFSET=0.0
# n = BAND_OFFSET (radians)
DETECTOR_OFFSET= 0.0
# n = DETECTOR_OFFSET (radians)
BAND END .
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C.2 Motion Profile Files
Motion Profile File for Casel, Case 7 and Case 13.












Motion Profile File for Case 2, Case 8 and Case 14
#













Motion Profile File Used for Case 3, Case 9 and Case 15
#
~~













Motion Profile File used for Case 4, Case 10, and Case 16
#













Motion Profile File Used for Case 5, Case 11 and Case 17
#
"












Motion Profile Used for Case 6, Case 12 and Case 18
#













Motion Profile Used for Oblique Frame Camera Simulation
#
# DIRSIG flight description ... Oblique Frame Camera Simulation
#
MOTION_DATA_BEG IN
0.0 315.7 -1086.3600 548.64 -0.10 1.1 -0.0624828
0.05 315.597 -1085.3653 548.64 -0.10 1.1 -0.0624828
MOTION_DATA_END
Motion Profile Used for Nadir Frame Camera Simulation
#
"
# DIRSIG flight description ... NADIR Frame Camera Simulation
#
MOTION_DATA_BEG IN
-0.05 228.55 222.89 914.4 0 0 0
0.0 228.60 222.89 914.4 0 0 0
0.05 228.65 222.89 914.4 0 0 0
MOTION DATA END
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Motion Profile Used for Line Scanner Simulation
#
# DIRSIG Flight Profile
# Bendix Thermal Line Scanner




-0.9717 150.95 -101.89 304.8 0.01623156 0 3.1066862
-0.96226 150.88 -100.9 304.8 0.01605703 0 3.1066862
-0.95283 150.81 -99.91 304.8 0.0158825 0 3.1066862
-0.9434 150.75 -98.92 304.8 0.01570796 0 3.1066862
-0.93396 150.68 -97.93 304.8 0.01570796 0 3.1066862
-0.92453 150.61 -96.94 304.8 0.0158825 0 3.1066862
-0.91509 150.54 -95.95 304.8 0.0158825 0 3.1066862
-0.01887 144.13 -1.98 304.8 0.0158825 0 3.1066862
-0.00943 144.07 -0.99 304.8 0.0158825 0 3.1066862
0 144 0 304.8 0.0158825 0 3.1066862
0.00943 143.93 0.99 304.8 0.0158825 0 3.1066862
0.01887 143.87 1.98 304.8 0.0158825 0 3.1066862
*
4.12264 114.51 432.29 304.8 0.00994838 0 3.1066862
4.13208 114.45 433.27 304.8 0.00977384 0 3.1066862
4.14151 114.38 434.26 304.8 0.00959931 0 3.1066862
4.15094 114.31 435.25 304.8 0.00942478 0 3.1066862
4.16038 114.24 436.24 304.8 0.00907571 0 3.1066862
MOTION_DATA_END
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C.3 Deterministic Validation Measurement Data
Tabled, Case 1 Deterministic Analysis - Line Scanner, Straiqht and Level
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
X Y X Y X Y
-109.06 97.12 19.00 30.00 -109.21 97.69 -0.15 0.57
-109.06 103.95 19.00 24.00 -109.21 103.69 -0.15 -0.26
-54.53 97.12 74.00 30.00 -54.21 97.69 0.32 0.57
-54.53 103.95 74.00 24.00 -54.21 103.69 0.32 -0.26
0.00 97.12 128.00 30.00 -0.21 97.69 -0.21 0.57
0.00 103.95 128.00 24.00 -0.21 103.69 -0.21 -0.26
54.53 97.12 183.00 30.00 54.79 97.69 0.26 0.57
54.53 103.95 183.00 24.00 54.79 103.69 0.26 -0.26
109.06 97.12 237.00 30.00 108.79 97.69 -0.26 0.57
109.06 103.95 237.00 24.00 108.79 103.69 -0.26 -0.26
-109.06 53.32 19.00 74.00 -109.21 53.69 -0.15 0.37
-109.06 57.89 19.00 69.00 -109.21 58.69 -0.15 0.80
-54.53 53.32 74.00 74.00 -54.21 53.69 0.32 0.37
-54.53 57.89 74.00 69.00 -54.21 58.69 0.32 0.80
0.00 53.32 128.00 74.00 -0.21 53.69 -0.21 0.37
0.00 57.89 128.00 69.00 -0.21 58.69 -0.21 0.80
54.53 53.32 183.00 74.00 54.79 53.69 0.26 0.37
54.53 57.89 183.00 69.00 54.79 58.69 0.26 0.80
109.06 53.32 237.00 74.00 108.79 53.69 -0.26 0.37
109.06 57.89 237.00 69.00 108.79 58.69 -0.26 0.80
-109.06 0.00 19.00 128.00 -109.21 -0.31 -0.15 -0.31
-109.06 0.00 19.00 128.00 -109.21 -0.31 -0.15 -0.31
-54.53 0.00 74.00 128.00 -54.21 -0.31 0.32 -0.31
-54.53 0.00 74.00 128.00 -54.21 -0.31 0.32 -0.31
54.53 0.00 183.00 128.00 54.79 -0.31 0.26 -0.31
54.53 0.00 183.00 128.00 54.79 -0.31 0.26 -0.31
109.06 0.00 237.00 128.00 108.79 -0.31 -0.26 -0.31
109.06 0.00 237.00 128.00 108.79 -0.31 -0.26 -0.31
-109.06 -53.32 19.00 181.00 -109.21 -53.31 -0.15 0.01
-109.06 -57.89 19.00 186.00 -109.21 -58.31 -0.15 -0.42
-54.53 -53.32 74.00 181.00 -54.21 -53.31 0.32 0.01
-54.53 -57.89 74.00 186.00 -54.21 -58.31 0.32 -0.42
0.00 -53.32 128.00 181.00 -0.21 -53.31 -0.21 0.01
0.00 -57.89 128.00 186.00 -0.21 -58.31 -0.21 -0.42
54.53 -53.32 183.00 181.00 54.79 -53.31 0.26 0.01
54.53 -57.89 183.00 186.00 54.79 -58.31 0.26 -0.42
109.06 -53.32 237.00 181.00 108.79 -53.31 -0.26 0.01
109.06 -57.89 237.00 186.00 108.79 -58.31 -0.26 -0.42
-109.06 -97.12 19.00 225.00 -109.21 -97.31 -0.15 -0.19
-109.06 -103.95 19.00 232.00 -109.21 -104.31 -0.15 -0.36
-54.53 -97.12 74.00 225.00 -54.21 -97.31 0.32 -0.19
-54.53 -103.95 74.00 232.00 -54.21 -104.31 0.32 -0.36
0.00 -97.12 128.00 225.00 -0.21 -97.31 -0.21 -0.19
0.00 -103.95 128.00 232.00 -0.21 -104.31 -0.21 -0.36
54.53 -97.12 183.00 225.00 54.79 -97.31 0.26 -0.19
54.53 -103.95 183.00 232.00 54.79 -104.31 0.26 -0.36
109.06 -97.12 237.00 225.00 108.79 -97.31 -0.26 -0.19 j
109.06 -103.95 237.00 | 232.00 | 108.79 -104.31 -0.26 -0.36 |
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Table C2, Case 2 Deterministic Analysis oai u ici , n sauuiy = c:v
Predicted Predicted Measured Measured Corrected Corrected Error X I Error Y
X Y X Y X Y
-65.18 116.57 63.00 11.00 -65.02 116.48 0.16 -0.09
-65.18 123.76 63.00 4.00 -65.02 123.48 0.16 -0.28
-13.94 105.20 114.00 22.00 -14.02 105.48 -0.08 0.28
-13.94 112.23 114.00 15.00 -14.02 112.48 -0.08 0.25
37.30 92.48 165.00 35.00 36.98 92.48 -0.32 0.0037.30 99.16 165.00 28.00 36.98 99.48 -0.32 0.32
88.54 78.35 216.00 49.00 87.98 78.48 -0.56 0.1388.54 84.44 217.00 43.00 88.98 84.48 0.44 0.040.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-83.83 82.05 44.00 45.00 -84.02 82.48 -0.19 0.43
-83.83 88.32 44.00 39.00 -84.02 88.48 -0.19 0.16
-32.59 66.86 95.00 60.00 -33.02 67.48 -0.43 0.62
-32.59 72.32 95.00 55.00 -33.02 72.48 -0.43 0.16
18.65 50.31 146.00 77.00 17.98 50.48 -0.67 0.16
18.65 54.67 147.00 73.00 18.98 54.48 0.33 -0.19
69.89 32.62 198.00 95.00 69.98 32.48 0.09 -0.14
69.89 35.57 198.00 92.00 69.98 35.48 0.09 -0.09
121.13 14.11 249.00 113.00 120.98 14.48 -0.15 0.37
121.13 15.41 249.00 112.00 120.98 15.48 -0.15 0.06
-102.48 37.18 25.00 90.00 -103.02 37.48 -0.54 0.30
-102.48 40.51 26.00 87.00 -102.02 40.48 0.46 -0.03
-51.24 18.84 77.00 109.00 -51.02 18.48 0.22 -0.36
-51.24 20.57 77.00 107.00 -51.02 20.48 0.22 -0.10
51.24 -18.84 179.00 147.00 50.98 -19.52 -0.26 -0.69
51.24 -20.57 179.00 148.00 50.98 -20.52 -0.26 0.05
102.48 -37.18 231.00 165.00 102.98 -37.52 0.50 -0.34
102.48 -40.51 231.00 168.00 102.98 -40.52 0.50 -0.02
-121.13 -14.11 7.00 142.00 -121.02 -14.52 0.11 -0.41
-121.13 -15.41 7.00 143.00 -121.02 -15.52 0.11 -0.11
-69.89 -32.62 58.00 160.00 -70.02 -32.52 -0.13 0.10
-69.89 -35.57 58.00 163.00 -70.02 -35.52 -0.13 0.04
-18.65 -50.31 109.00 178.00 -19.02 -50.52 -0.37 -0.21
-18.65 -54.67 110.00 182.00 -18.02 -54.52 0.63 0.14
32.59 -66.86 161.00 194.00 32.98 -66.52 0.39 0.33
32.59 -72.32 161.00 200.00 32.98 -72.52 0.39 -0.20
83.83 -82.05 212.00 209.00 83.98 -81.52 0.15 0.53
83.83 -88.32 212.00 216.00 83.98 -88.52 0.15 -0.21
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-88.54 -78.35 40.00 206.00 -88.02 -78.52 0.52 -0.18
-88.54 -84.44 40.00 212.00 -88.02 -84.52 0.52 -0.09
-37.30 -92.48 91.00 220.00 -37.02 -92.52 0.28 -0.04
-37.30 -99.16 91.00 227.00 -37.02 -99.52 0.28 -0.36
13.94 -105.20 141.00 233.00 12.98 -105.52 -0.96 -0.33
13.94 -112.23 142.00 240.00 13.98 -112.52 0.04 -0.29
65.18 -116.57 193.00 244.00 64.98 -116.52 -0.20 0.04
65.18 -123.76 193.00 251.00 64.98 -123.52 -0.20 0.24
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Table C3 Case 3 C)eterminist ic Analysis - Line Scanner, Roll = 10
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
X Y X Y X Y
-109.06 125.46 19.00 59.00 -109.21 125.33 -0.15 -0.13
-109.06 132.29 19.00 52.00 -109.21 132.33 -0.15 0.04
-54.53 125.46 74.00 59.00 -54.21 125.33 0.32 -0.13
-54.53 132.29 74.00 52.00 -54.21 132.33 0.32 0.04
0.00 125.46 128.00 59.00 -0.21 125.33 -0.21 -0.13
0.00 132.29 128.00 52.00 -0.21 132.33 -0.21 0.04
54.53 125.46 183.00 59.00 54.79 125.33 0.26 -0.13
54.53 132.29 183.00 52.00 54.79 132.33 0.26 0.04
109.06 125.46 237.00 59.00 108.79 125.33 -0.27 -0.13
109.06 132.29 237.00 52.00 108.79 132.33 -0.27 0.04
-109.06 81.65 19.00 103.00 -109.21 81.33 -0.15 -0.33
-109.06 86.23 19.00 98.00 -109.21 86.33 -0.15 0.10
-54.53 81.65 74.00 103.00 -54.21 81.33 0.32 -0.33
-54.53 86.23 74.00 98.00 -54.21 86.33 0.32 0.10
0.00 81.65 128.00 103.00 -0.21 81.33 -0.21 -0.33
0.00 86.23 128.00 98.00 -0.21 86.33 -0.21 0.10
54.53 81.65 183.00 103.00 54.79 81.33 0.26 -0.33
54.53 86.23 183.00 98.00 54.79 86.33 0.26 0.10
109.06 81.65 237.00 103.00 108.79 81.33 -0.27 -0.33
109.06 86.23 237.00 98.00 108.79 86.33 -0.27 0.10
-109.06 28.33 19.00 156.00 -109.21 28.33 -0.15 -0.01
-109.06 28.33 19.00 156.00 -109.21 28.33 -0.15 -0.01
-54.53 28.33 74.00 156.00 -54.21 28.33 0.32 -0.01
-54.53 28.33 74.00 156.00 -54.21 28.33 0.32 -0.01
54.53 28.33 183.00 156.00 54.79 28.33 0.26 -0.01
54.53 28.33 183.00 156.00 54.79 28.33 0.26 -0.01
109.06 28.33 237.00 156.00 108.79 28.33 -0.27 -0.01
109.06 28.33 237.00 156.00 108.79 28.33 -0.27 -0.01
-109.06 -24.99 19.00 209.00 -109.21 -24.67 -0.15 0.32
-109.06 -29.56 19.00 214.00 -109.21 -29.67 -0.15 -0.11
-54.53 -24.99 74.00 209.00 -54.21 -24.67 0.32 0.32
-54.53 -29.56 74.00 214.00 -54.21 -29.67 0.32 -0.11
0.00 -24.99 128.00 209.00 -0.21 -24.67 -0.21 0.32
0.00 -29.56 128.00 214.00 -0.21 -29.67 -0.21 -0.11
54.53 -24.99 183.00 209.00 54.79 -24.67 0.26 0.32
54.53 -29.56 183.00 214.00 54.79 -29.67 0.26 -0.11
109.06 -24.99 237.00 209.00 108.79 -24.67 -0.27 0.32
109.06 -29.56 237.00 214.00 108.79 -29.67 -0.27 -0.11
-109.06 -68.79 19.00 253.00 -109.21 -68.67 -0.15 0.12
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-54.53 -68.79 74.00 253.00 -54.21 -68.67 0.32 0.12
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 -68.79 128.00 253.00 -0.21 -68.67 -0.21 0.12
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
54.53 -68.79 183.00 253.00 54.79 -68.67 0.26 0.12
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
109.06 -68.79 237.00 253.00 108.79 -68.67 -0.27 0.12
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table C4, Case 4 Deterministic Analysis - Line Scanner, Pitch = 10
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
X Y X Y X Y
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-109.06 95.65 47.00 32.00 -109.22 95.58 -0.16 -0.07
-111.46 102.37 45.00 25.00 -111.22 102.58 0.24 0.21
-54.53 95.65 102.00 32.00 -54.22 95.58 0.31 -0.07
-56.93 102.37 99.00 25.00 -57.22 102.58 -0.28 0.21
0.00 95.65 156.00 32.00 -0.22 95.58 -0.22 -0.07
-2.40 102.37 154.00 25.00 -2.22 102.58 0.19 0.21
54.53 95.65 211.00 32.00 54.78 95.58 0.26 -0.07
52.12 102.37 208.00 25.00 51.78 102.58 -0.34 0.21
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-109.06 52.51 47.00 75.00 -109.22 52.58 -0.16 0.07
-111.46 57.01 45.00 70.00 -111.22 57.58 0.24 0.57
-54.53 52.51 102.00 75.00 -54.22 52.58 0.31 0.07
-56.93 57.01 99.00 70.00 -57.22 57.58 -0.28 0.57
0.00 52.51 156.00 75.00 -0.22 52.58 -0.22 0.07
-2.40 57.01 154.00 70.00 -2.22 57.58 0.19 0.57
54.53 52.51 211.00 75.00 54.78 52.58 0.26 0.07
52.12 57.01 208.00 70.00 51.78 57.58 -0.34 0.57
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-109.06 o:oo 47.00 128.00 -109.22 -0.42 -0.16 -0.42
-111.46 0.00 45.00 128.00 -111.22 -0.42 0.24 -0.42
-54.53 0.00 102.00 128.00 -54.22 -0.42 0.31 -0.42
-56.93 0.00 99.00 128.00 -57.22 -0.42 -0.28 -0.42
54.53 0.00 211.00 128.00 54.78 -0.42 0.26 -0.42
52.12 0.00 208.00 128.00 51.78 -0.42 -0.34 -0.42
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-109.06 -52.51 47.00 180.00 -109.22 -52.42 -0.16
0.09
-111.46 -57.01 45.00 185.00 -111.22 -57.42 0.24 -0.41
-54.53 -52.51 102.00 180.00 -54.22 -52.42 0.31
0.09
-56.93 -57.01 99.00 185.00 -57.22 -57.42 -0.28
-0.41
0.00 -52.51 156.00 180.00 -0.22 -52.42 -0.22
0.09
-2.40 -57.01 154.00 185.00 -2.22 -57.42 0.19
-0.41
54.53 -52.51 211.00 180.00 54.78 -52.42
0.26 0.09
52.12 -57.01 208.00 185.00 51.78 -57.42
-0.34 -0.41
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00
-109.06 -95.65 47.00 223.00 -109.22
-95.42 -0.16 0.23
-111.46 -102.37 45.00 230.00 -111.22
-102.42 0.24 -0.05
-54.53 -95.65 102.00 223.00 -54.22
-95.42 0.31 0.23
-56.93 -102.37 99.00 230.00 -57.22
-102.42 -0.28 -0.05
0.00 -95.65 156.00 223.00 -0.22
-95.42 -0.22 0.23
-2.40 -102.37 154.00 230.00 -2.22
-102.42 0.19 -0.05
54.53 -95.65 211.00 223.00 54.78
-95.42 0.26 0.23
52.12 -102.37 208.00 230.00 51.78
-102.42 -0.34 -0.05
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Table C5, Case 5 Deterministic Analysis - Line Scanner, YaiW=10
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
X Y X Y . X Y
-89.83 97.12 38.00 29.00 -90.09 98.43 -0.26 1.31
-89.83 103.95 38.00 22.00 -90.09 105.43 -0.26 1.48
-35.30 97.12 93.00 29.00 -35.09 98.43 0.21 1.31
-35.30 103.95 93.00 22.00 -35.09 105.43 0.21 1.48
19.23 97.12 147.00 29.00 18.91 98.43 -0.32 1.31
19.23 103.95 147.00 22.00 18.91 105.43 -0.32 1.48
73.76 97.12 202.00 29.00 73.91 98.43 0.15 1.31
73.76 103.95 202.00 22.00 73.91 105.43 0.15 1.48
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-99.44 53.32 28.00 73.00 -100.09 54.43 -0.65 1.11
-99.44 57.89 28.00 69.00 -100.09 58.43 -0.65 0.54
-44.91 53.32 83.00 73.00 -45.09 54.43 -0.18 1.11
-44.91 57.89 83.00 69.00 -45.09 58.43 -0.18 0.54
9.61 53.32 138.00 73.00 9.91 54.43 0.29 1.11
9.61 57.89 138.00 69.00 9.91 58.43 0.29 0.54
64.14 53.32 192.00 73.00 63.91 54.43 -0.23 1.11
64.14 57.89 192.00 69.00 63.91 58.43 -0.23 0.54
118.67 53.32 247.00 73.00 118.91 54.43 0.24 1.11
118.67 57.89 247.00 69.00 118.91 58.43 0.24 0.54
-109.06 0.00 19.00 128.00 -109.09 -0.57 -0.03 -0.57
-109.06 0.00 19.00 128.00 -109.09 -0.57 -0.03 -0.57
-54.53 0.00 73.00 127.00 -55.09 0.43 -0.56 0.43
-54.53 0.00 73.00 127.00 -55.09 0.43 -0.56 0.43
54.53 0.00 183.00 127.00 54.91 0.43 0.38 0.43
54.53 0.00 183.00 127.00 54.91 0.43 0.38 0.43
109.06 0.00 238.00 128.00 109.91 -0.57 0.85
-0.57
109.06 0.00 238.00 128.00 109.91 -0.57 0.85
-0.57
-118.67 -53.32 10.00 182.00 -118.09 -54.57 0.58
-1.25
-118.67 -57.89 10.00 186.00 -118.09 -58.57
0.58 -0.68
-64.14 -53.32 64.00 181.00 -64.09 -53.57
0.05 -0.25
-64.14 -57.89 64.00 186.00 -64.09 -58.57
0.05 -0.68
-9.61 -53.32 118.00 181.00 -10.09 -53.57
-0.48 -0.25
-9.61 -57.89 118.00 186.00 -10.09
-58.57 -0.48 -0.68
44.91 -53.32 173.00 181.00 44.91 -53.57
0.00 -0.25
44.91 -57.89 173.00 186.00 44.91
-58.57 0.00 -0.68
99.44 -53.32 228.00 182.00 99.91
-54.57 0.47 -1.25
99.44 -57.89 228.00 186.00 99.91
-58.57 0.47 -0.68
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00
-73.76 -97.12 54.00 226.00 -74.09
-98.57 -0.33 -1.45
-73.76 -103.95 54.00 233.00
-74.09 -105.57 -0.33 -1.62
-19.23 -97.12 109.00 226.00
-19.09 -98.57 0.14 -1.45
-19.23 -103.95 109.00 233.00
-19.09 -105.57 0.14 -1.62
35.30 -97.12 163.00 226.00
34.91 -98.57 -0.39 -1.45
35.30 -103.95 163.00 233.00
34.91 -105.57 -0.39 -1.62
89.83 -97.12 218.00 226.00
89.91 -98.57 0.08 I "1-45 I
89.83 -103.95 218.00 233.00
89.91 -105.57 0.08 I -1-62 |
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Table C6, Case 6 Deterministic Analysis - Line Scanner, Roll, Pitch,Yaw=10
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
X Y X Y X Y
-89.83 123.98 67.00 55.00 -89.48 124.94 0.35 0.96
-92.19 130.71 64.00 49.00 -92.48 130.94 -0.28 0.23
-35.30 123.98 121.00 55.00 -35.48 124.94 -0.18 0.96
-37.67 130.71 119.00 49.00 -37.48 130.94 0.19 0.23
19.23 123.98 176.00 56.00 19.52 123.94 0.29 -0.04
16.86 130.71 173.00 49.00 16.52 130.94 -0.34 0.23
73.76 123.98 231.00 56.00 74.52 123.94 0.76 -0.04
71.39 130.71 228.00 49.00 71.52 130.94 0.13 0.23
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-99.44 80.84 57.00 98.00 -99.48 81.94 -0.04 1.10
-101.81 85.35 55.00 93.00 -101.48 86.94 0.33 1.59
-44.91 80.84 112.00 98.00 -44.48 81.94 0.44 1.10
-47.28 85.35 109.00 94.00 -47.48 85.94 -0.20 0.59
9.61 80.84 166.00 98.00 9.52 81.94 -0.09 1.10
7.25 85.35 164.00 94.00 7.52 85.94 0.27 0.59
64.14 80.84 221.00 98.00 64.52 81.94 0.38 1.10
61.78 85.35 218.00 94.00 61.52 85.94 -0.25 0.59
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-109.06 28.33 46.00 151.00 -110.48 28.94 -1.42 0.61
-111.42 28.33 45.00 151.00 -111.48 28.94 -0.05 0.61
-54.53 28.33 101.00 151.00 -55.48 28.94 -0.95 0.61
-56.90 28.33 100.00 151.00 -56.48 28.94 0.42 0.61
54.53 28.33 210.00 151.00 53.52 28.94 -1.01 0.61
52.16 28.33 209.00 151.00 52.52 28.94 0.36 0.61
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-118.67 -24.18 38.00 204.00 -118.48 -24.06 0.19 0.12
-121.04 -28.68 36.00 209.00 -120.48 -29.06 0.56 -0.38
-64.14 -24.18 92.00 204.00 -64.48 -24.06 -0.33 0.12
-66.51 -28.68 90.00 209.00 -66.48 -29.06 0.03 -0.38
-9.61 -24.18 147.00 204.00 -9.48 -24.06 0.14 0.12
-11.98 -28.68 145.00 209.00 -11.48 -29.06 0.50 -0.38
44.91 -24.18 201.00 204.00 44.52 -24.06 -0.39 0.12
42.55 -28.68 199.00 210.00 42.52 -30.06 -0.02 -1.38
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
97.07 -28.68 254.00 209.00 97.52 -29.06 0.45 -0.38
-128.29 -67.31 28.00 249.00 -128.48 -69.06 -0.19 -1.75
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-73.76 -67.31 83.00 249.00 -73.48 -69.06 0.28 -1.75
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00
-19.23 -67.31 137.00 250.00 -19.48 -70.06
-0.25 -2.75
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00
35.30 -67.31 192.00 250.00 35.52
-70.06 0.22 -2.75
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00
89.83 -67.31 246.00 250.00 89.52
-70.06 -0.30 -2.75
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00
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Table C7, Case 7 Deterministic Analysis - Pushbroom, Straight and Level
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
X Y X Y . X Y
-109.06 85.20 19.00 42.00 -109.00 85.58 0.06 0.38
-109.06 93.14 19.00 34.00 -109.00 93.58 0.06 0.45
-54.53 85.20 73.00 42.00 -55.00 85.58 -0.47 0.38
-54.53 93.14 73.00 34.00 -55.00 93.58 -0.47 0.45
0.00 85.20 128.00 42.00 0.00 85.58 0.00 0.38
0.00 93.14 128.00 34.00 0.00 93.58 0.00 0.45
54.53 85.20 183.00 42.00 55.00 85.58 0.47 0.38
54.53 93.14 183.00 34.00 55.00 93.58 0.47 0.45
109.06 85.20 237.00 42.00 109.00 85.58 -0.06 0.38
109.06 93.14 237.00 34.00 109.00 93.58 -0.06 0.45
-109.06 42.60 19.00 85.00 -109.00 42.58 0.06 -0.02
-109.06 46.57 19.00 81.00 -109.00 46.58 0.06 0.02
-54.53 42.60 73.00 85.00 -55.00 42.58 -0.47 -0.02
-54.53 46.57 73.00 81.00 -55.00 46.58 -0.47 0.02
0.00 42.60 128.00 85.00 0.00 42.58 0.00 -0.02
0.00 46.57 128.00 81.00 0.00 46.58 0.00 0.02
54.53 42.60 183.00 85.00 55.00 42.58 0.47 -0.02
54.53 46.57 183.00 81.00 55.00 46.58 0.47 0.02
109.06 42.60 237.00 85.00 109.00 42.58 -0.06 -0.02
109.06 46.57 237.00 81.00 109.00 46.58 -0.06 0.02
-109.06 0.00 19.00 128.00 -109.00 -0.42 0.06 -0.42
-109.06 0.00 19.00 128.00 -109.00 -0.42 0.06 -0.42
-54.53 0.00 73.00 128.00 -55.00 -0.42 -0.47 -0.42
-54.53 0.00 73.00 128.00 -55.00 -0.42 -0.47 -0.42
54.53 0.00 183.00 128.00 55.00 -0.42 0.47 -0.42
54.53 0.00 183.00 128.00 55.00 -0.42 0.47 -0.42
109.06 0.00 237.00 128.00 109.00 -0.42 -0.06 -0.42
109.06 0.00 237.00 128.00 109.00 -0.42 -0.06 -0.42
-109.06 -42.60 19.00 170.00 -109.00 -42.42 0.06 0.18
-109.06 -46.57 19.00 174.00 -109.00 -46.42 0.06 0.15
-54.53 -42.60 73.00 170.00 -55.00 -42.42 -0.47 0.18
-54.53 -46.57 73.00 174.00 -55.00 -46.42 -0.47 0.15
0.00 -42.60 128.00 170.00 0.00 -42.42 0.00 0.18
0.00 -46.57 128.00 174.00 0.00 -46.42 0.00 0.15
54.53 -42.60 183.00 170.00 55.00 -42.42 0.47 0.18
54.53 -46.57 183.00 174.00 55.00 -46.42 0.47 0.15
109.06 -42.60 237.00 170.00 109.00 -42.42 -0.06 0.18
109.06 -46.57 237.00 174.00 109.00 -46.42 -0.06 0.15
-109.06 -85.20 19.00 213.00 -109.00 -85.42 0.06 -0.22
-109.06 -93.14 19.00 221.00 -109.00 -93.42 0.06 -0.28
-54.53 -85.20 73.00 213.00 -55.00 -85.42 -0.47 -0.22
-54.53 -93.14 73.00 221.00 -55.00 -93.42 -0.47 -0.28
0.00 -85.20 128.00 213.00 0.00 -85.42 0.00 -0.22
0.00 -93.14 128.00 221.00 0.00 -93.42 0.00 -0.28
54.53 -85.20 183.00 213.00 55.00 -85.42 0.47 -0.22
54.53 -93.14 183.00 221.00 55.00 -93.42 0.47 -0.28
109.06 -85.20 237.00 213.00 109.00 -85.42 -0.06 -0.22
109.06 -93.14 237.00 221.00 109.00 -93.42 -0.06 -0.28
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Table C8, Case 8 Deterministic Analysis - Pushbroom, Heading = 20
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
V Y X Y X Y
-65.18 109.20 63.00 18.00 -65.07 109.66 0.11 0.46
-65.18 119.37 63.00 8.00 -65.07 119.66 0.11 0.29
-13.94 94.63 114.00 33.00 -14.07 94.66 -0.13 0.03
-13.94 103.45 114.00 24.00 -14.07 103.66 -0.13 0.21
37.30 80.06 166.00 48.00 37.93 79.66 0.63 -0.40
37.30 87.52 165.00 40.00 36.93 87.66 -0.37 0.14
88.54 65.49 217.00 62.00 88.93 65.66 0.39 0.17
88.54 71.59 217.00 56.00 88.93 71.66 0.39 0.07
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-83.83 69.17 44.00 58.00 -84.07 69.66 -0.24 0.49
-83.83 75.61 44.00 52.00 -84.07 75.66 -0.24 0.05
-32.59 54.60 95.00 73.00 -33.07 54.66 -0.48 0.06
-32.59 59.69 95.00 68.00 -33.07 59.66 -0.48 -0.03
18.65 40.03 147.00 87.00 18.93 40.66 0.28 0.63
18.65 43.76 147.00 84.00 18.93 43.66 0.28 -0.10
69.89 25.46 198.00 103.00 69.93 24.66 0.04 -0.80
69.89 27.83 198.00 100.00 69.93 27.66 0.04 -0.17
121.13 10.89 249.00 116.00 120.93 11.66 -0.20 0.77
121.13 11.91 249.00 116.00 120.93 11.66 -0.20 -0.25
-102.48 29.14 26.00 99.00 -102.07 28.66 0.41 -0.48
-102.48 31.85 26.00 96.00 -102.07 31.66 0.41 -0.19
-51.24 14.57 77.00 114.00 -51.07 13.66 0.17 -0.91
-51.24 15.93 77.00 112.00 -51.07 15.66 0.17 -0.27
51.24 -14.57 179.00 143.00 50.93 -15.34 -0.31 -0.77
51.24 -15.93 179.00 144.00 50.93 -16.34 -0.31 -0.41
102.48 -29.14 231.00 156.00 102.93 -28.34 0.45 0.80
102.48 -31.85 231.00 160.00 102.93 -32.34 0.45 -0.49
-121.13 -10.89 7.00 139.00 -121.07 -11.34 0.06 -0.45
-121.13 -11.91 7.00 139.00 -121.07 -11.34 0.06 0.56
-69.89 -25.46 58.00 154.00 -70.07 -26.34 -0.18 -0.88
-69.89 -27.83 58.00 155.00 -70.07 -27.34 -0.18 0.49
-18.65 -40.03 109.00 168.00 -19.07 -40.34 -0.42 -0.31
-18.65 -43.76 109.00 171.00 -19.07 -43.34 -0.42 0.42
32.59 -54.60 161.00 183.00 32.93 -55.34 0.34 -0.74
32.59 -59.69 161.00 188.00 32.93 -60.34 0.34 -0.65
83.83 -69.17 212.00 197.00 83.93 -69.34 0.10 -0.17
83.83 -75.61 212.00 203.00 83.93 -75.34 0.10 0.27
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-88.54 -65.49 39.00 193.00 -89.07 -65.34 -0.53 0.15
-88.54 -71.59 39.00 199.00 -89.07 -71.34 -0.53 0.25
-37.30 -80.06 91.00 207.00 -37.07 -79.34 0.23 0.72
-37.30 -87.52 91.00 215.00 -37.07 -87.34 0.23 0.18
13.94 -94.63 142.00 222.00 13.93 -94.34 -0.01 0.29
13.94 -103.45 142.00 231.00 13.93 -103.34 -0.01 0.10
65.18 -109.20 193.00 236.00 64.93 -108.34 -0.25 0.86
65.18 -119.37 193.00 | 247.00 64.93 -119.34 -0.25 0.03
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Table C9, Case 9 Deterministic Analysis - Pushbroom, Roll = 10
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
X Y X Y . X Y
-109.06 56.38 19.00 71.00 -108.81 56.59 0.24 0.21
-109.06 62.84 19.00 65.00 -108.81 62.59 0.24 -0.25
-54.53 56.38 73.00 71.00 -54.81 56.59 -0.29 0.21
-54.53 62.84 74.00 65.00 -53.81 62.59 0.71 -0.25
0.00 56.38 128.00 71.00 0.19 56.59 0.19 0.21
0.00 62.84 128.00 65.00 0.19 62.59 0.19 -0.25
54.53 56.38 182.00 71.00 54.19 56.59 -0.34 0.21
54.53 62.84 182.00 65.00 54.19 62.59 -0.34 -0.25
109.06 56.38 237.00 71.00 109.19 56.59 0.13 0.21
109.06 62.84 237.00 65.00 109.19 62.59 0.13 -0.25
-109.06 19.39 19.00 108.00 -108.81 19.59 0.24 0.20
-109.06 23.01 19.00 105.00 -108.81 22.59 0.24 -0.43
-54.53 19.39 73.00 108.00 -54.81 19.59 -0.29 0.20
-54.53 23.01 73.00 105.00 -54.81 22.59 -0.29 -0.43
0.00 19.39 128.00 108.00 0.19 19.59 0.19 0.20
0.00 23.01 128.00 105.00 0.19 22.59 0.19 -0.43
54.53 19.39 182.00 108.00 54.19 19.59 -0.34 0.20
54.53 23.01 182.00 105.00 54.19 22.59 -0.34 -0.43
109.06 19.39 237.00 108.00 109.19 19.59 0.13 0.20
109.06 23.01 237.00 105.00 109.19 22.59 0.13 -0.43
-109.06 -22.04 19.00 150.00 -108.81 -22.41 0.24 -0.37
-109.06 -22.04 19.00 150.00 -108.81 -22.41 0.24 -0.37
-54.53 -22.04 73.00 150.00 -54.81 -22.41 -0.29 -0.37
-54.53 -22.04 73.00 150.00 -54.81 -22.41 -0.29 -0.37
54.53 -22.04 182.00 150.00 54.19 -22.41 -0.34 -0.37
54.53 -22.04 182.00 150.00 54.19 -22.41 -0.34 -0.37
109.06 -22.04 237.00 150.00 109.19 -22.41 0.13 -0.37
109.06 -22.04 237.00 150.00 109.19 -22.41 0.13 -0.37
-109.06 -68.77 19.00 196.00 -108.81 -68.41 0.24 0.36
-109.06 -73.43 19.00 201.00 -108.81 -73.41 0.24 0.02
-54.53 -68.77 73.00 196.00 -54.81 -68.41 -0.29 0.36
-54.53 -73.43 73.00 201.00 -54.81 -73.41 -0.29 0.02
0.00 -68.77 128.00 196.00 0.19 -68.41 0.19 0.36
0.00 -73.43 128.00 201.00 0.19 -73.41 0.19 0.02
54.53 -68.77 182.00 196.00 54.19 -68.41 -0.34 0.36
54.53 -73.43 182.00 201.00 54.19 -73.41 -0.34 0.02
109.06 -68.77 237.00 196.00 109.19 -68.41 0.13 0.36
109.06 -73.43 237.00 201.00 109.19 -73.41 0.13 0.02
-109.06 -121.89 19.00 249.00 -108.81 -121.41 0.24 0.48
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-54.53 -121.89 73.00 249.00 -54.81 -121.41 -0.29 0.48
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 -121.89 128.00 249.00 0.19 -121.41 0.19 0.48
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
54.53 -121.89 182.00 249.00 54.19 -121.41 -0.34 0.48
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
109.06 -121.89 237.00 249.00 109.19 -121.41 0.13 0.48
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 |
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Table C10, Case 10 Deterministic Analysis, Pushbroom, Pitch = 10
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
X Y X Y X Y
-109.06 83.55 48.00 44.00 -107.59 83.68 1.46 0.14
-109.06 91.26 45.00 36.00 -110.59 91.68 -1.54 0.43
-54.53 83.55 102.00 44.00 -53.59 83.68 0.93 0.14
-54.53 91.26 100.00 36.00 -55.59 91.68 -1.07 0.43
0.00 83.55 157.00 44.00 1.41 83.68 1.41 0.14
0.00 91.26 154.00 36.00 -1.59 91.68 -1.59 0.43
54.53 83.55 211.00 44.00 55.41 83.68 0.88 0.14
54.53 91.26 208.00 36.00 52.41 91.68 -2.12 0.43
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-109.06 41.90 48.00 86.00 -107.59 41.68 1.46 -0.22
-109.06 45.80 45.00 82.00 -110.59 45.68 -1.54 -0.11
-54.53 41.90 102.00 86.00 -53.59 41.68 0.93 -0.22
-54.53 45.80 100.00 82.00 -55.59 45.68 -1.07 -0.11
0.00 41.90 157.00 86.00 1.41 41.68 1.41 -0.22
0.00 45.80 154.00 82.00 -1.59 45.68 -1.59 -0.11
54.53 41.90 211.00 86.00 55.41 41.68 0.88 -0.22
54.53 45.80 208.00 82.00 52.41 45.68 -2.12 -0.11
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-109.06 0.00 48.00 128.00 -107.59 -0.32 1.46 -0.32
-109.06 0.00 48.00 128.00 -107.59 -0.32 1.46 -0.32
-54.53 0.00 102.00 128.00 -53.59 -0.32 0.93 -0.32
-54.53 0.00 102.00 128.00 -53.59 -0.32 0.93 -0.32
54.53 0.00 211.00 128.00 55.41 -0.32 0.88 -0.32
54.53 0.00 211.00 128.00 55.41 -0.32 0.88 -0.32
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-109.06 -41.90 48.00 169.00 -107.59 -41.32 1.46 0.59
-109.06 -45.80 45.00 173.00 -110.59 -45.32 -1.54 0.48
-54.53 -41.90 102.00 169.00 -53.59 -41.32 0.93 0.59
-54.53 -45.80 100.00 173.00 -55.59 -45.32 -1.07 0.48
0.00 -41.90 157.00 169.00 1.41 -41.32 1.41
0.59
0.00 -45.80 154.00 173.00 -1.59 -45.32 -1.59
0.48
54.53 -41.90 211.00 169.00 55.41 -41.32 0.88
0.59
54.53 -45.80 208.00 173.00 52.41 -45.32 -2.12
0.48
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00
-109.06 -83.55 48.00 212.00 -107.59 -84.32
1.46 -0.77
-109.06 -91.26 45.00 219.00 -110.59 -91.32
-1.54 -0.06
-54.53 -83.55 102.00 212.00 -53.59
-84.32 0.93 -0.77
-54.53 -91.26 100.00 219.00 -55.59
-91.32 -1.07 -0.06
0.00 -83.55 157.00 212.00 1.41 -84.32
1.41 -0.77
0.00 -91.26 154.00 219.00 -1.59
-91.32 -1.59 -0.06
54.53 -83.55 211.00 212.00 55.41
-84.32 0.88 -0.77
54.53 -91.26 208.00 219.00 52.41
-91.32 -2.12 -0.06
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 |
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Table C1 , Case 1 Deterministic Analysis - Pushbroom, Yaw = 10
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
X Y X Y X Y
-89.83 83.91 38.00 41.00 -89.95 86.48 -0.13 2.57
-89.83 91.72 38.00 33.00 -89.95 94.48 -0.13 2.76
-35.30 83.91 93.00 41.00 -34.95 86.48 0.34 2.57
-35.30 91.72 93.00 33.00 -34.95 94.48 0.34 2.76
19.23 83.91 147.00 41.00 19.05 86.48 -0.18 2.57
19.23 91.72 147.00 33.00 19.05 94.48 -0.18 2.76
73.76 83.91 202.00 41.00 74.05 86.48 0.29 2.57
73.76 91.72 202.00 33.00 74.05 94.48 0.29 2.76
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-99.44 41.95 29.00 84.00 -98.95 43.48 0.49 1.52
-99.44 45.86 29.00 80.00 -98.95 47.48 0.49 1.62
-44.91 41.95 83.00 84.00 -44.95 43.48 -0.04 1.52
-44.91 45.86 83.00 80.00 -44.95 47.48 -0.04 1.62
9.61 41.95 138.00 84.00 10.05 43.48 0.43 1.52
9.61 45.86 138.00 80.00 10.05 47.48 0.43 1.62
64.14 41.95 192.00 84.00 64.05 43.48 -0.10 1.52
64.14 45.86 192.00 80.00 64.05 47.48 -0.10 1.62
118.67 41.95 247.00 84.00 119.05 43.48 0.37 1.52
118.67 45.86 247.00 80.00 119.05 47.48 0.37 1.62
-109.06 0.00 19.00 128.00 -108.95 -0.52 0.10 -0.52
-109.06 0.00 19.00 128.00 -108.95 -0.52 0.10 -0.52
-54.53 0.00 73.00 128.00 -54.95 -0.52 -0.43 -0.52
-54.53 0.00 73.00 128.00 -54.95 -0.52 -0.43 -0.52
54.53 0.00 182.00 128.00 54.05 -0.52 -0.48 -0.52
54.53 0.00 182.00 128.00 54.05 -0.52 -0.48 -0.52
109.06 0.00 237.00 128.00 109.05 -0.52 -0.01 -0.52
109.06 0.00 237.00 128.00 109.05 -0.52 -0.01 -0.52
-118.67 -41.95 9.00 170.00 -118.95 -42.52 -0.28 -0.57
-118.67 -45.86 9.00 175.00 -118.95 -47.52 -0.28
-1.66
-64.14 -41.95 64.00 170.00 -63.95 -42.52 0.19
-0.57
-64.14 -45.86 64.00 175.00 -63.95 -47.52
0.19 -1.66
-9.61 -41.95 118.00 170.00 -9.95 -42.52
-0.34 -0.57
-9.61 -45.86 118.00 175.00 -9.95 -47.52
-0.34 -1.66
44.91 -41.95 173.00 170.00 45.05 -42.52
0.13 -0.57
44.91 -45.86 173.00 175.00 45.05 -47.52
0.13 -1.66
99.44 -41.95 227.00 170.00 99.05 -42.52
-0.40 -0.57
99.44 -45.86 227.00 175.00 99.05 -47.52
-0.40 -1.66
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00
-73.76 -83.91 54.00 214.00 -73.95
-86.52 -0.20 -2.62
-73.76 -91.72 54.00 222.00 -73.95
-94.52 -0.20 -2.80
-19.23 -83.91 109.00 214.00 -18.95
-86.52 0.27 -2.62
-19.23 -91.72 109.00 222.00
-18.95 -94.52 0.27 -2.80
35.30 -83.91 163.00 214.00 35.05
-86.52 -0.25 -2.62
35.30 -91.72 163.00 222.00 35.05
-94.52 -0.25 -2.80
89.83 -83.91 218.00 214.00
90.05 -86.52 0.22 I -2.62
| 89.83 -91.72 218.00 222.00 90.05 | -94.52 0.22 | -2.80
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Table C12, Case 12 Deterministic Analysis - Pushbroom, Roll,Pitch,Yaw = 10
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
X Y X Y
. X Vi
-89.83 54.19 67.00 68.00 -88.38 56.45 1.45 2.26
-89.83 60.39 65.00 62.00 -90.38 62.45 -0.55 2.06
-35.30 54.19 122.00 68.00 -33.38 56.45 1.92 2.26
-35.30 60.39 119.00 62.00 -36.38 62.45 -1.08 2.06
19.23 54.19 176.00 68.00 20.62 56.45 1.39 2.26
19.23 60.39 173.00 62.00 17.62 62.45 -1.61 2.06
73.76 54.19 231.00 68.00 75.62 56.45 1.87 2.26
73.76 60.39 228.00 62.00 72.62 62.45 -1.13 2.06
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-99.44 18.47 57.00 105.00 -98.38 19.45 1.06 0.98
-99.44 21.98 55.00 101.00 -100.38 23.45 -0.94 1.47
-44.91 18.47 111.00 104.00 -44.38 20.45 0.54 1.98
-44.91 21.98 109.00 101.00 -46.38 23.45 -1.46 1.47
9.61 18.47 166.00 105.00 10.62 19.45 1.01 0.98
9.61 21.98 164.00 101.00 8.62 23.45 -0.99 1.47
64.14 18.47 220.00 105.00 64.62 19.45 0.48 0.98
64.14 21.98 218.00 101.00 62.62 23.45 -1.52 1.47
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-109.06 -21.71 47.00 146.00 -108.38 -21.55 0.68 0.15
-109.06 -21.71 45.00 146.00 -110.38 -21.55 -1.32 0.15
-54.53 -21.71 102.00 146.00 -53.38 -21.55 1.15 0.15
-54.53 -21.71 100.00 146.00 -55.38 -21.55 -0.85 0.15
54.53 -21.71 211.00 146.00 55.62 -21.55 1.09 0.15
54.53 -21.71 209.00 146.00 53.62 -21.55 -0.91 0.15
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-118.67 -66.93 38.00 192.00 -117.38 -67.55 1.29 -0.62
-118.67 -71.42 36.00 197.00 -119.38 -72.55 -0.71 -1.13
-64.14 -66.93 92.00 192.00 -63.38 -67.55 0.77 -0.62
-64.14 -71.42 90.00 197.00 -65.38 -72.55 -1.23 -1.13
-9.61 -66.93 147.00 192.00 -8.38 -67.55 1.24 -0.62
-9.61 -71 .42 145.00 197.00 -10.38 -72.55 -0.76 -1.13
44.91 -66.93 201.00 192.00 45.62 -67.55 0.71 -0.62
44.91 -71 .42 199.00 197.00 43.62 -72.55 -1.29 -1.13
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
99.44 -71 .42 254.00 197.00 98.62 -72.55 -0.82 -1.13
-128.29 -117.87 28.00 244.00 -127.38 -119.55 0.91 -1.68
-128.29 128.06 26.00 255.00 -129.38 -130.55 -1.09 -2.49
-73.76 -117.87 83.00 244.00 -72.38 -119.55 1.38
-1.68
-73.76 -128.06 80.00 255.00 -75.38 -130.55 -1.62
-2.49
-19.23 -117.87 138.00 244.00 -17.38 -119.55
1.85 -1.68
-19.23 -128.06 135.00 255.00 -20.38
-130.55 -1.15 -2.49
35.30 -117.87 192.00 244.00 36.62
-119.55 1.32 -1.68
35.30 -128.06 189.00 255.00 33.62
-130.55 -1.68 -2.49
89.83 -117.87 247.00 244.00 91.62
-119.55 1.80 -1.68
89.83 -128.06 244.00 255.00 88.62
-130.55 -1.20 -2.49
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Tabled 3 , Case 13 Deterministic Analysis - Frame, Straight and Level
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
X Y X Y . X Y
-85.20 85.20 42.00 43.00 -85.56 85.10 -0.36 -0.10
-93.10 93.10 34.00 35.00 -93.56 93.10 -0.46 0.00
-42.60 85.20 85.00 43.00 -42.56 85.10 0.04 -0.10
-46.60 93.10 81.00 35.00 -46.56 93.10 0.04 0.00
0.00 85.20 128.00 43.00 0.44 85.10 0.44 -0.10
0.00 93.10 128.00 35.00 0.44 93.10 0.44 0.00
42.60 85.20 170.00 43.00 42.44 85.10 -0.16 -0.10
46.60 93.10 174.00 35.00 46.44 93.10 -0.16 0.00
85.20 85.20 213.00 43.00 85.44 85.10 0.24 -0.10
93.10 93.10 221.00 35.00 93.44 93.10 0.34 0.00
-85.20 42.60 42.00 85.00 -85.56 43.10 -0.36 0.50
-93.10 46.60 34.00 82.00 -93.56 46.10 -0.46 -0.50
-42.60 42.60 85.00 85.00 -42.56 43.10 0.04 0.50
-46.60 46.60 81.00 82.00 -46.56 46.10 0.04 -0.50
0.00 42.60 128.00 85.00 0.44 43.10 0.44 0.50
0.00 46.60 128.00 82.00 0.44 46.10 0.44 -0.50
42.60 42.60 170.00 85.00 42.44 43.10 -0.16 0.50
46.60 46.60 174.00 82.00 46.44 46.10 -0.16 -0.50
85.20 42.60 213.00 85.00 85.44 43.10 0.24 0.50
93.10 46.60 221.00 82.00 93.44 46.10 0.34 -0.50
-85.20 0.00 42.00 128.00 -85.56 0.10 -0.36 0.10
-93.10 0.00 34.00 128.00 -93.56 0.10 -0.46 0.10
-42.60 0.00 85.00 128.00 -42.56 0.10 0.04 0.10
-46.60 0.00 81.00 128.00 -46.56 0.10 0.04 0.10
42.60 0.00 170.00 128.00 42.44 0.10 -0.16 0.10
46.60 0.00 174.00 128.00 46.44 0.10 -0.16 0.10
85.20 0.00 213.00 128.00 85.44 0.10 0.24 0.10
93.10 0.00 221.00 128.00 93.44 0.10 0.34 0.10
-85.20 -42.60 42.00 171.00 -85.56 -42.90 -0.36 -0.30
-93.10 -46.60 34.00 175.00 -93.56 -46.90 -0.46 -0.30
-42.60 -42.60 85.00 171.00 -42.56 -42.90 0.04 -0.30
-46.60 -46.60 81.00 175.00 -46.56 -46.90 0.04 -0.30
0.00 -42.60 128.00 171.00 0.44 -42.90 0.44 -0.30
0.00 -46.60 127.00 175.00 -0.56 -46.90 -0.56 -0.30
42.60 -42.60 170.00 171.00 42.44 -42.90 -0.16
-0.30
46.60 -46.60 174.00 175.00 46.44 -46.90 -0.16
-0.30
85.20 -42.60 213.00 171.00 85.44 -42.90 0.24
-0.30
93.10 -46.60 221.00 175.00 93.44 -46.90 0.34
-0.30
-85.20 -85.20 42.00 213.00 -85.56 -84.90
-0.36 0.30
-93.10 -93.10 34.00 221.00 -93.56 -92.90
-0.46 0.20
-42.60 -85.20 85.00 213.00 -42.56
-84.90 0.04 0.30
-46.60 -93.10 81.00 221.00 -46.56 -92.90
0.04 0.20
0.00 -85.20 128.00 213.00 0.44 -84.90
0.44 0.30
0.00 -93.10 128.00 221.00 0.44
-92.90 0.44 0.20
42.60 -85.20 170.00 213.00 42.44
-84.90 -0.16 0.30
46.60 -93.10 174.00 221.00 46.44
-92.90 -0.16 0.20
85.20 -85.20 213.00 213.00 85.44
-84.90 0.24 0.30
93.10 -93.10 | 221.00 221.00 93.44 -92.90 0.34 0.20
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Table C14, Case 14 Deterministic Analysis - Frame, Heading = 20
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
X Y X Y . X Y
-50.90 109.20 75.00 19.00 -52.08 108.48 -1.18 -0.72
-55.70 119.40 70.00 9.00 -57.08 118.48 -1.38 -0.92
-10.90 94.60 115.00 33.00 -12.08 94.48 -1.18 -0.12
-11.90 103.40 114.00 24.00 -13.08 103.48 -1.18 0.08
29.10 80.10 156.00 47.00 28.92 80.48 -0.18 0.38
31.90 87.50 158.00 40.00 30.92 87.48 -0.98 -0.02
69.20 65.50 196.00 61.00 68.92 66.48 -0.28 0.98
75.60 71.60 202.00 55.00 74.92 72.48 -0.68 0.88
109.20 50.90 236.00 75.00 108.92 52.48 -0.28 1.58
119.40 55.70 246.00 71.00 118.92 56.48 -0.48 0.78
-65.50 69.20 61.00 59.00 -66.08 68.48 -0.58 -0.72
-71.60 75.60 55.00 53.00 -72.08 74.48 -0.48 -1.12
-25.50 54.60 101.00 73.00 -26.08 54.48 -0.58 -0.12
-27.80 59.70 99.00 68.00 -28.08 59.48 -0.28 -0.22
14.60 40.00 141.00 87.00 13.92 40.48 -0.68 0.48
15.90 43.80 143.00 83.00 15.92 44.48 0.02 0.68
54.60 25.50 181.00 101.00 53.92 26.48 -0.68 0.98
59.70 27.80 187.00 99.00 59.92 28.48 0.22 0.68
94.60 10.90 222.00 116.00 94.92 11.48 0.32 0.58
103.40 11.90 231.00 115.00 103.92 12.48 0.52 0.58
-80.10 29.10 47.00 99.00 80.08 28.48 0.02 -0.62
-87.50 31.90 39.00 96.00 -88.08 31.48 -0.58 -0.42
-40.00 14.60 87.00 114.00 -40.08 13.48 -0.08 -1.12
-43.80 15.90 83.00 112.00 -44.08 15.48 -0.28 -0.42
40.00 -14.60 167.00 141.00 39.92 -13.52 -0.08 1.08
43.80 -15.90 171.00 143.00 43.92 -15.52 0.12 0.38
80.10 -29.10 207.00 156.00 79.92 -28.52 -0.18 0.58
87.50 -31.90 215.00 159.00 87.92 -31.52 0.42 0.38
-94.60 -10.90 33.00 139.00 -94.08 -11.52 0.52 -0.62
-103.40 -11.90 24.00 140.00 -103.08 -12.52 0.32 -0.62
-54.60 -25.50 73.00 153.00 -54.08 -25.52 0.52 -0.02
-59.70 -27.80 68.00 156.00 -59.08 -28.52 0.62 -0.72
-14.60 -40.00 113.00 168.00 -14.08 -40.52 0.52
-0.52
-15.90 -43.80 112.00 172.00 -15.08 -44.52 0.82
-0.72
25.50 -54.60 153.00 182.00 25.92 -54.52 0.42
0.08
27.80 -59.70 155.00 187.00 27.92 -59.52 0.12
0.18
65.50 -69.20 193.00 196.00 65.92 -68.52 0.42
0.68
71.60 -75.60 199.00 202.00 71.92 -74.52
0.32 1.08
-109.20 -50.90 18.00 179.00 -109.08 -51.52
0.12 -0.62
-119.40 -55.70 8.00 185.00 -119.08 -57.52
0.32 -1.82
-69.20 -65.50 58.00 193.00 -69.08 -65.52
0.12 -0.02
-75.60 -71.60 52.00 201.00 -75.08
-73.52 0.52 -1.92
-29.10 -80.10 98.00 208.00 -29.08 -80.52
0.02 -0.42
-31.90 -87.50 96.00 215.00 -31.08
-87.52 0.82 -0.02
10.90 -94.60 139.00 222.00 11.92
-94.52 1.02 0.08
11.90 -103.40 140.00 231.00 12.92
-103.52 1.02 -0.12
50.90 -109.20 179.00 236.00 51.92
-108.52 1.02 0.68
55.70 -119.40 184.00 | 246.00 56.92 -118.52 1.22 0.88
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Tabled 5 , Case 15 Deterministic Analysis - Roll == 10
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
X Y X Y X Y
-77.20 56.40 49.00 71.00 -78.00 56.48 -0.80 0.08
-83.60 62.80 43.00 65.00 -84.00 62.48 -0.40 -0.32
-38.60 56.40 89.00 71.00 -38.00 56.48 0.60 0.08
-41.80 62.80 85.00 65.00 -42.00 62.48 -0.20 -0.32
0.00 56.40 127.00 71.00 0.00 56.48 0.00 0.08
0.00 62.80 127.00 65.00 0.00 62.48 0.00 -0.32
38.60 56.40 166.00 71.00 39.00 56.48 0.40 0.08
41.80 62.80 169.00 65.00 42.00 62.48 0.20 -0.32
77.20 56.40 205.00 71.00 78.00 56.48 0.80 0.08
83.60 62.80 211.00 65.00 84.00 62.48 0.40 -0.32
-81.60 19.40 46.00 108.00 -81.00 19.48 0.60 0.08
-88.70 23.00 38.00 104.00 -89.00 23.48 -0.30 0.48
-40.80 19.40 87.00 108.00 -40.00 19.48 0.80 0.08
-44.40 23.00 82.00 104.00 -45.00 23.48 -0.60 0.48
0.00 19.40 127.00 108.00 0.00 19.48 0.00 0.08
0.00 23.00 127.00 104.00 0.00 23.48 0.00 0.48
40.80 19.40 167.00 108.00 40.00 19.48 -0.80 0.08
44.40 23.00 171.00 104.00 44.00 23.48 -0.40 0.48
81.60 19.40 209.00 108.00 82.00 19.48 0.40 0.08
88.70 23.00 216.00 104.00 89.00 23.48 0.30 0.48
-86.50 -22.00 40.00 150.00 -87.00 -22.52 -0.50 -0.52
-94.60 -22.00 32.00 150.00 -95.00 -22.52 -0.40 -0.52
-43.30 -22.00 84.00 150.00 -43.00 -22.52 0.30 -0.52
-47.30 -22.00 79.00 150.00 -48.00 -22.52 -0.70 -0.52
43.30 -22.00 170.00 150.00 43.00 -22.52 -0.30 -0.52
47.30 -22.00 175.00 150.00 48.00 -22.52 0.70 -0.52
86.50 -22.00 214.00 150.00 87.00 -22.52 0.50 -0.52
94.60 -22.00 221.00 150.00 94.00 -22.52 -0.60 -0.52
-92.00 -68.80 35.00 196.00 -92.00 -68.52 0.00 0.28
-101.20 -73.40 26.00 201.00 -101.00 -73.52 0.20 -0.12
-46.00 -68.80 81.00 196.00 -46.00 -68.52 0.00 0.28
-50.60 -73.40 76.00 201.00 -51.00 -73.52 -0.40 -0.12
0.00 -68.80 127.00 196.00 0.00 -68.52 0.00
0.28
0.00 -73.40 127.00 201.00 0.00 -73.52 0.00
-0.12
46.00 68.80 173.00 196.00 46.00 -68.52 0.00
0.28
50.60 -73.40 178.00 201.00 51.00 -73.52 0.40
-0.12
92.00 -68.80 219.00 196.00 92.00 -68.52
0.00 0.28
101.20 -73.40 228.00 201.00 101.00 -73.52
-0.20 -0.12
-98.30 -121.90 29.00 249.00 -98.00 -121.52
0.30 0.38
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00
-49.20 -121.90 78.00 249.00 -49.00 -121.52
0.20 0.38
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00
0.00 -121.90 127.00 249.00 0.00 -121.52
0.00 0.38
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00
49.20 -121.90 176.00 249.00 49.00
-121.52 -0.20 0.38
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00
98.30 -121.90 225.00 249.00 98.00
-121.52 -0.30 0.38
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00
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Table C16, Case 16 Deterministic Analysis - Frame, Pitch = 10
Predicted Predicted Measured Measured Corrected Corrected Error X I Error Y
X Y X Y X Y
-56.40 77.20 71.00 50.00 -56.13 77.60 0.27 0.40
-62.80 83.60 64.00 44.00 -63.13 83.60 -0.33 0.00
-19.40 81.60 108.00 46.00 -19.13 81.60 0.27 0.00
-23.00 88.70 104.00 39.00 -23.13 88.60 -0.13 -0.10
22.00 86.50 149.00 41.00 21.87 86.60 -0.13 0.10
22.00 94.60 149.00 33.00 21.87 94.60 -0.13 0.00
68.80 92.00 196.00 36.00 68.87 91.60 0.07 -0.40
73.40 101.20 201.00 26.00 73.87 101.60 0.47 0.40
121.90 98.30 249.00 29.00 121.87 98.60 -0.03 0.30
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-56.40 38.60 71.00 89.00 -56.13 38.60 0.27 0.00
-62.80 41.80 64.00 85.00 -63.13 42.60 -0.33 0.80
-19.40 40.80 108.00 87.00 -19.13 40.60 0.27 -0.20
-23.00 44.40 104.00 83.00 -23.13 44.60 -0.13 0.20
22.00 43.30 149.00 85.00 21.87 42.60 -0.13 -0.70
22.00 47.30 149.00 80.00 21.87 47.60 -0.13 0.30
68.80 46.00 195.00 82.00 67.87 45.60 -0.93 -0.40
73.40 50.60 200.00 77.00 72.87 50.60 -0.53 0.00
121.90 49.20 249.00 78.00 121.87 49.60 -0.03 0.40
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-56.40 0.00 71.00 128.00 -56.13 -0.40 0.27 -0.40
-62.80 0.00 64.00 128.00 -63.13 -0.40 -0.33 -0.40
-19.40 0.00 108.00 128.00 -19.13 -0.40 0.27 -0.40
-23.00 0.00 104.00 128.00 -23.13 -0.40 -0.13 -0.40
68.80 0.00 196.00 128.00 68.87 -0.40 0.07 -0.40
73.40 0.00 201.00 128.00 73.87 -0.40 0.47 -0.40
121.90 0.00 249.00 128.00 121.87 -0.40 -0.03 -0.40
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-56.40 -38.60 71.00 166.00 -56.13 -38.40 0.27 0.20
-62.80 -41.80 64.00 170.00 -63.13 -42.40 -0.33 -0.60
-19.40 -40.80 108.00 168.00 -19.13 -40.40 0.27 0.40
-23.00 -44.40 104.00 172.00 -23.13 -44.40 -0.13 0.00
22.00 -43.30 149.00 171.00 21.87 -43.40 -0.13 -0.10
22.00 -47.30 149.00 175.00 21.87 -47.40 -0.13 -0.10
68.80 -46.00 196.00 173.00 68.87 -45.40 0.07 0.60
73.40 -50.60 201.00 178.00 73.87 -50.40 0.47 0.20
121.90 -49.20 249.00 177.00 121.87 -49.40 -0.03 -0.20
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-56.40 -77.20 71.00 205.00 -56.13 -77.40 0.27
-0.20
-62.80 -83.60 64.00 211.00 -63.13 -83.40 -0.33 0.20
-19.40 -81.60 108.00 209.00 -19.13 -81.40
0.27 0.20
-23.00 -88.70 104.00 216.00 -23.13 -88.40 -0.13
0.30
22.00 -86.50 149.00 214.00 21.87 -86.40
-0.13 0.10
22.00 -94.60 149.00 222.00 21.87 -94.40
-0.13 0.20
68.80 -92.00 196.00 219.00 68.87 -91.40
0.07 0.60
73.40 -101.20 201.00 229.00 73.87 -101.40
0.47 -0.20
121.90 -98.30 249.00 226.00 121.87 -98.40
-0.03 -0.10
0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00
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Table C17, Case 17 Deterministic Analysis - Frame, Yaw = 10
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
Y X Y , X Y
-69.10 97.20 58.00 29.00 -69.04 98.50 0.06 1.30
-75.50 106.26 51.00 20.00 -76.04 107.50 -0.54 1.24
-27.20 89.91 100.00 36.00 -27.04 91.50 0.16 1.59
-29.70 98.28 97.00 28.00 -30.04 99.50 -0.34 1.22
14.80 82.63 142.00 44.00 14.96 83.50 0.16 0.87
16.20 90.31 143.00 36.00 15.96 91.50 -0.24 1.19
56.70 75.34 184.00 51.00 56.96 76.50 0.26 1.16
62.00 82.33 189.00 44.00 61.96 83.50 -0.04 1.17
98.70 68.05 226.00 59.00 98.96 68.50 0.26 0.45
107.90 74.35 235.00 52.00 107.96 75.50 0.06 1.15
-76.50 55.84 50.00 70.00 -77.04 57.50 -0.54 1.66
-83.60 61.06 43.00 66.00 -84.04 61.50 -0.44 0.44
-34.60 48.65 93.00 78.00 -34.04 49.50 0.56 0.85
-37.80 53.08 89.00 73.00 -38.04 54.50 -0.24 1.42
7.40 41.36 134.00 85.00 6.96 42.50 -0.44 1.14
8.10 45.20 135.00 82.00 7.96 45.50 -0.14 0.30
49.40 34.07 177.00 93.00 49.96 34.50 0.56 0.43
53.90 37.23 181.00 90.00 53.96 37.50 0.06 0.27
91.30 26.79 218.00 100.00 90.96 27.50 -0.34 0.71
99.80 29.25 227.00 98.00 99.96 29.50 0.16 0.25
-83.90 14.58 43.00 113.00 -84.04 14.50 -0.14 -0.08
-91 .70 15.95 35.00 111.00 -92.04 16.50 -0.34 0.55
-42.00 7.29 85.00 120.00 -42.04 7.50 -0.04 0.21
-45.90 7.98 81.00 119.00 -46.04 8.50 -0.14 0.52
42.00 -7.29 169.00 135.00 41.96 -7.50 -0.04 -0.21
45.90 -7.98 173.00 136.00 45.96 -8.50 0.06 -0.52
83.90 -14.58 211.00 142.00 83.96 -14.50 0.06 0.08
91.70 -15.95 219.00 144.00 91.96 -16.50 0.26 -0.55
-91.30 -26.79 36.00 155.00 -91.04 -27.50 0.26 -0.71
-99.80 -29.25 27.00 157.00 -100.04 -29.50 -0.24 -0.25
-49.40 -34.07 78.00 162.00 -49.04 -34.50 0.36 -0.43
-53.90 -37.23 73.00 166.00 -54.04 -38.50 -0.14 -1.27
-7.40 -41.36 120.00 170.00 -7.04 -42.50 0.36 -1.14
-8.10 -45.20 119.00 173.00 -8.04 -45.50 0.06 -0.30
34.60 -48.65 161.00 177.00 33.96 -49.50 -0.64 -0.85
37.80 -53.08 165.00 181.00 37.96 -53.50 0.16 -0.42
76.50 -55.84 204.00 184.00 76.96 -56.50 0.46 -0.66
83.60 61.06 211.00 189.00 83.96 -61.50 0.36 -0.44
-98.70 -68.05 28.00 196.00 -99.04 -68.50 -0.34 -0.45
-107.90 -74.35 19.00 203.00 -108.04 -75.50 -0.14 -1.15
-56.70 -75.34 71.00 204.00 -56.04 -76.50 0.66 -1.16
-62.00 -82.33 65.00 211.00 -62.04 -83.50 -0.04 -1.17
-14.80 -82.63 112.00 211.00 -15.04 -83.50 -0.24 -0.87
-16.20 -90.31 111.00 219.00 -16.04 -91.50 0.16 -1.19
27.20 -89.91 154.00 219.00 26.96 -91.50 -0.24 -1.59
29.70 -98.28 157.00 227.00 29.96 -99.50 0.26 -1.22
69.10 -97.20 196.00 226.00 68.96 -98.50 -0.14 -1.30
75.50 | -106.26 203.00 236.00 75.96 -108.50 0.46 -2.24
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Table C1 B, Case 1t3 Determirlistic Analysis - Frame, Roll.Pitch.Yaw = 10
Predicted Predicted Measured Measured Corrected Corrected Error X Error Y
X Y X Y . X Y
-40.00 58.60 88.00 66.00 -44.06 57.90 -4.06 -0.70
-44.30 64.80 84.00 60.00 -48.06 63.90 -3.76 -0.90
-6.10 55.35 123.00 68.00 -9.06 55.90 -2.96 0.55
-7.90 61.65 120.00 61.00 -12.06 62.90 -4.16 1.25
31.60 51.80 161.00 69.00 28.94 54.90 -2.66 3.10
32.80 58.10 162.00 63.00 29.94 60.90 -2.86 2.80
73.70 47.76 205.00 72.00 72.94 51.90 -0.76 4.14
78.60 54.16 210.00 65.00 77.94 58.90 -0.66 4.73
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-49.50 26.29 81.00 99.00 -51.06 24.90 -1.56 -1.39
-54.80 30.23 75.00 96.00 -57.06 27.90 -2.26 -2.33
-14.20 21.07 116.00 103.00 -16.06 20.90 -1.86 -0.18
-16.90 24.92 113.00 99.00 -19.06 24.90 -2.16 -0.02
25.10 15.36 155.00 108.00 22.94 15.90 -2.16 0.54
25.80 18.91 156.00 104.00 23.94 19.90 -1.86 0.99
69.30 8.86 201.00
. 113.00 68.94 10.90 -0.36 2.04
74.10 12.01 206.00 109.00 73.94 14.90 -0.16 2.88
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-60.10 -9.55 72.00 137.00 -60.06 -13.10 0.04 -3.55
-66.50 -8.17 66.00 135.00 -66.06 -11.10 0.44 -2.93
-23.40 -17.04 108.00 143.00 -24.06 -19.10 -0.66 -2.06
-27.00 -16.35 104.00 142.00 -28.06 -18.10 -1.06 -1.75
64.30 -34.96 197.00 158.00 64.94 -34.10 0.64 0.86
69.00 -35.95 202.00 159.00 69.94 -35.10 0.94 0.84
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-71.80 -49.34 62.00 176.00 -70.06 -52.10 1.74 -2.76
-79.60 -51.41 55.00 178.00 -77.06 -54.10 2.54 -2.69
-33.60 -59.78 100.00 185.00 -32.06 -61.10 1.54 -1.32
-38.30 -62.93 95.00 188.00 -37.06 -64.10 1.24 -1.17
9.60 -71.50 143.00 196.00 10.94 -72.10 1.34 -0.60
8.80 -76.13 142.00 200.00 9.94 -76.10 1.14 0.03
58.70 -84.89 192.00 208.00 59.94 -84.10 1.24 0.79
63.10 -91.29 197.00 214.00 64.94 -90.10 1.84 1.19
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-84.90 -93.95 52.00 219.00 -80.06 -95.10 4.84 -1.15
-94.40 -100.35 44.00 225.00 -88.06 -101.10 6.34 -0.75
-45.10 -107.93 90.00 233.00 -42.06 -109.10 3.04 -1.17
-51.30 -116.11 85.00 240.00 -47.06 -116.10 4.24 0.01
0.20 -123.79 135.00 247.00 2.94 -123.10 2.74 0.69
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00
| 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 0.00 0.00 0.00 0.00 0.00
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C.4 Deterministic Validation Stepwise Regression
Table C19, Deterministic Validation - Analysis of Errors via Stepwise Regression
Stepwise Regression RMS_Error as a Function of Sensor, Heading, Roll, Pitch and Yaw
Summary Information
F to Enter 4
F to Remove 3.996
Number of Steps 1
Variables Entered 1
Variables Forced 0..J0
(Last Step) STEP NO. 1 VARIABLE ENTERED: X 5: Yaw
R: R-squared: Adj. R-squared: Std. Error.
1.761 .578 .552 3.145
Source DF:




REGRESSION 1 217.12 217.12 21.949




Std. Err.: Std. Value: F to Remove:
INTERCEPT 3.789
Yaw
.737 .157 .761 21.949
Parameter:
Variables Not in Equation






C.5 Comparative Validation Measurements










Feature Description X y X y X y X y
Bldg5 se Pent se upper 1155 1289 69 254 Bldg5 nw 4 pent se lower 1282 1264 196 227
Bldg5 se Pent ne upper 1184 1289 97 254 Bldg5 nw 4 pent sw upper 1285 1250 200 215
BWg5 se Pent sw upper 1159 1285 72 250 Bldg5 nw 4 pent se upper 1282 1256 197 220
Bldg5 se Pent ne lower 1184 1294 98 260 Bldg6 se 1317 1311 231 275
Bldg5 se pent add ne uppei 1197 1283 110 248 Bldg6sw 1322 1302 237 265
Bldg5 se pent add nw upper 1200 1278 114 243 Bldgl ne 1448 1314 362 278
Bldg5 se pent add nw lower 1197 1291 115 250 Bldgl nw 1452 1304 367 269
Bldg5 se pent add se uppei 1186 1283 96 238 Bldg2ne 1452 1310 367 278
Bldg5 sw Pent se lower 1179 1265 92 230 Bldg2nw 1464 1288 378 255
Bldg5 sw Pent se Upper 1179 1258 92 223 Bldg2sw 1442 1289 358 254
Bldg5 sw Pent ne Upper 1188 1258 101 223 bldg3 nw 1425 1288 338 254
Bldg5 sw Pent nw Upper 1194 1250 107 214 Bldg3sw 1406 1287 322 254
Bldg5 sw Pent sw Upper 1,186 1250 98 214 BldglOse @ Bldg6 1378 1302 273 266
Bldg5 sw Pent nw Lower 1195 1256 108 220 BldglOne 3 Bldg 1358 1302 294 267
Bldg5 cent pent s vent se upper 1218 1275 128 240 Bldgl3 ne 1478 1299 392 264
Bldg5 cent pent s vent se lower 1218 1282 130 249 Bldgl3 nw 1482 1289 395 255
Bldg5 cent pent n vent ne uppei 1262 1275 172 241 Bldgl2a stair se 1235 1242 149 205
Bldg5 cent tall pent ne upper 1258 1269 169 235 Bldgl2a stair ne 1246 1243 159 206
Bldg5 cent tall pent se upper 1219 1269 130 234 Bldgl2a stair sw 1238 1239 151 206
Bldg5 cent tall pent sw upper 1223 1263 133 229 Bldgl2a stair nw 1248 1239 161 202
Bldg5 cent tall pent nw upper 1262 1264 171 229 BLdg12a Facade sw 1239 1229 151 196
Bldg5 cent pent plat nw upper 1267 1260 178 224 BLdg12a Facade se 1236 1232 150 198
Bldg5 cent pent plat sw upper 1231 1259 140 223 Bldgl2a nPent ne upper 1313 1236 226 200
Bldg5 cent short pent nw upper 1271 1258 182 224 Bldgl 2a nPent nw 1318 1228 231 193
Bldg5 cent short pent sw upper 1230 1258 140 222 Bldgl2a nPent sw 1274 1227 188 192
Bldg5 ne pent se upper 1288 1292 203 259 Bldg12a Pent sw @ npent 1272 1230 188 194
Bldg5 ne pent se lowei 1288 1296 203 264 Bldgl2a nPent ne lower 1313 1243 226 207
Bldg5 ne pent ne upper 1301 1292 214 258 Bldgl2a 8th floor nw 1346 1231 265 195
Bldg5 ne tall pent ne upper 1303 1287 215 253 Bldgl2a 8th floor ne 1338 1243 257 208
BWg5 ne tall pent ne lower 1303 1289 215 256 Bldgl2 nw 1452 1239 366 203
Bldg5 ne tall pent se upper 1290 1287 204 253 Bldgl2 ne 1446 1252 359 217
Bldg5 ne tall pent se lower 1290 1288 203 256 Stack top centei 1479 1195 394 158
Bldg5 ne tall pent sw upper 1295 1280 207 247 StPaul Int r 1154 1350 69 315
Bkkj5 ne tall pent nw uppei 1306 1281 220 247 StPaul Int s 1126 1351 40 315
Bldg5 ne tall pent nw lower 1307 1286 220 254 ArchN@Bldg5 1207 1255 118 221
Bldg5 nw n pent ne lower 1323 1263 237 227 Pier2NBottom 1226 1205 137 158
Bldg5 nw n pent ne upper 1322 1259 236 223 PierlNBottom 1228 1183 140 137
Bldg5 nw n pent nw upper 1326 1254 239 218 Lake Int n 1264 1078 159 21
BkJg5 nw 2 pent nw lower 1317 1255 231 218 Lake Int s 1245 1078 178 21
Bldg5 nw 2 pent ne lower 1314 1259 229 223
Bldg5 nw 2 pent nw upper 1317 1252 231 216
BWg5 nw 2 pent ne upper 1314 1256 228 220
Bldg5 nw tall pent nw lower 1308 1252 222 216
Bldg5 nw tall pent ne lower 1303 1256 219 220
Bldg5 nw tall pent sw upper 1308 1246 206 210
Bldg5 nw tall pent se upper 1305 1249 203 213
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Feature Description X y X y* X y X y
DrParkNBldg5 se Pent 2256 1957 0 100 Bldgl2a 8th floor ne 21 15 1748 40 168
Bldg5 se Pent ne upper 2257 1937 0 108 Bldgl2a nPent ne upper 21 16 1788 40 154
BldglOne @ Bldg6 2232 1662 1 190 BLdg12a Facade se 21 13 1904 44 120
Bldg5 se Pent ne lower 2253 1934 1 109 BLdg12a Facade sw 2103 1903 45 120
Bldg5 ne tall pent nw upper 2238 1766 2 158 Bldgl2a Pent sw npent 2095 1853 47 136
Bldg5 se Pent se uppei 2255 1977 2 95 Bldg12 nw 2076 1586 48 214
BldglOse Bldg 2230 1690 3 182 Bldgl2a nPent nw 2086 1787 49 155
Bldg5 se pent add ne upper 2245 1923 3 112 Bldgl2a nPent sw 2083 1853 50 136
Bk)g5 ne tall pent sw uppei 2237 1785 4 153 Bldg12a 8th floor nw 2071 1746 52 169
Bldg6 sw 2229 1742 6 166 Stack top center 2037 1553 61 227
Bldg5 se Pent sw upper 2239 1976 6 95 Pier 3N Bottom 1889 1977 98 104
Bldg5 cent tall pent ne upper 2226 1840 8 135 Spar2NArch 1652 2020 174 92
Bldg5 se pent add nw upper 2227 1922 9 112 Spar) NArch 1632 2020 180 92
Bldg5 cent pent s vent se upper 2218 1899 10 119 Pier2NBottom 1611 2024 194 95
Bldg5 cent tall pent se uppei 2223 1896 10 119 PierlNBottom 1561 2038 210 91
Bldg5 cent tall pent nw uppei 2211 1839 12 135 Lake Int s 1140 2127 341 70
Bldg5 cent tall pent sw upper 2208 1896 14 119 Lake Int n 1137 2078 342 82
Bldg5 cent pent s vent sw upper 2204 1899 15 119
bldg3 nw 2161 1610 21 206
Bldg2sw 2163 1586 21 215
Bldg5 cent pent plat nw upper 2182 1837 21 136
Bldg3sw 2160 1636 22 198
Bldg5 cent pent plat sw upper 2179 1893 22 120
Bldg5 cent short pent nw upper 2166 1835 25 137
Bldg5 cent short pent sw upper 2163 1892 27 121
Bldgl3 nw 2132 1532 28 230
Bldg5 nw n pent ne uppei 2156 1761 28 161
Bldg5 nw tall pent se upper 2160 1789 28 147
Bldgl3 sw 2130 1569 29 219
Bldg5 nw 4 pent se upper 2155 1822 29 144
BkJg5 sw Pent se Uppei 2159 1972 30 98
Bldg5 sw Pent ne Upper 2159 1960 30 102
Bldg5 nw tall pent sw upper 2144 1788 32 147
Bkjg5 nw n pent nw uppei 2140 1761 33 162
Bldg5 nw 2 pent nw upper 2140 1774 33 158
Bldg5 nw tall pent nw lowei 2140 1787 33 154
Bldgl2 ne 2120 1589 35 214
Bldg5 nw 4 pent sw lower 2134 1819 35 144
Bldg5 nw tall pent sw lower 2139 1811 35 145
Bldg5 nw 4 pent sw upper 2139 1822 35 145
DrParkN@Bldg5 2125 1969 36 99
Bldg5 sw Pent nw Lower 2126 1955 38 103
Bldg5 sw Pent sw Upper 2129 1972 38 99
Bldg5 sw Pent nw Upper 2130 1959 38 102
Bldg12a stair se 2126 1900 39 121
Bldgl2a stair ne 2127 1886 39 125
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Bldg5 se Pent se upper 1389 1534 370 51 Bldg5 nw 4 pent sw upper 1138 1624 236 97
Bldg5 se Pent ne upper 1331 1530 339 48 Bldg5 nw 4 pent se upper 1 140 1612 238 90
BkJg5 se Pent sw uppei 1386 1547 369 58 Bldg6 se 1039 1506 189 35
Bldg5 se Pent ne lower 1325 1529 338 48 3ldg6 sw 1033 1531 185 49
Bldg5 se pent add ne uppei 1309 1541 328 54 Bldgl ne 762 1483 43 23
Bldg5 se pent add nw upper 1305 1554 326 61 Bldgl nw 757 1507 39 37
Bldg5 se pent add nw lowei 1299 1554 323 61 Bldg2ne 761 1511 40 37
Bldg5 se pent add se upper 1350 1543 351 55 BkJg2nw 748 1566 31 66
Bldg5 se pent add sw uppei 1344 1567 346 68 Bldg2sw 790 1570 54 69
Bldg5 se pent west add nw upper 1323 1565 334 67 bldg3 nw 826 1574 75 71
Bldg5 se pent west add nw lower 1316 1565 332 67 Bldg3sw 863 1577 93 72
Bkjg5 se pent west add ne upper 1326 1556 335 62 Bldg3ne@Bldg1 841 1516 85 41
Bldg5 se pent west add ne lowei 1319 1556 333 63 Bldg3se@Bldg1 878 1519 103 42
Bldg5 sw Pent se Upper 1366 1617 357 93 BldglOse BldgG 956 1524 143 46
Bldg5 sw Pent ne Uppei 1348 1616 348 92 BldglOne Bldg6 912 1520 120 44
Bldg5 sw Pent nw Uppei 1340 1642 343 106 Bldgl3 ne 724 1566 1 9 66
Bldg5 sw Pent sw Upper 1358 1643 353 106 Bldgl3 nw 723 1566 1 6 78
Bldg5 sw Pent nw Lower 1334 1641 341 106 Bldg13 sw 718 1589 41 80
Bldg5 sw Pent ne Lower 1342 1616 346 93 BLdg12a Facade sw 1248 1666 298 117
Bldg5 cent pent n vent ne upper 1167 1552 262 60 BLdg12a Facade se 1251 1658 299 1 13
Bldg5 cent pent n vent ne lowei 1163 1552 259 59 Bldgl2a nPent ne uppei 1073 1646 206 106
Bldg5 cent pent n vent nw uppei 1164 1564 259 67 Bldgl2a nPent nw 1066 1670 201 1 19
Bldg5 cent pent n vent nw lower 1161 1564 257 66 Bldgl2a nPent sw 1168 1679 255 123
Bldg5 cent tall pent ne upper 1177 1552 266 60 Bldgl2a Pent sw npent 1169 1668 257 118
Bldg5 cent tall pent se upper 1268 1560 310 63 Bldgl2a nPent ne lower 1070 1646 204 106
Bldg5 cent tall pent sw upper 1264 1573 308 70 Bldgl2a 8th floor nw 1001 1678 161
Bldg5 cent tall pent nw upper 1175 1565
Bldg5 cent pent plat nw upper 1168 1587
Bldg5 cent pent plat sw upper 1252 1596
Bldg5 cent short pent nw upper 1161 1600
Bldg5 cent short pent sw upper 1248 1608
Bldg5 cent short pent nw lower 1158 1599
Bldg5 ne pent se upper 1095 1510
Bldg5 ne pent ne uppei 1071 1509
Bldg5 ne tall pent ne uppei 1070 1517
BkJg5 ne tall pent se upper 1096 1519
BkJg5 ne tall pent sw upper 1091 1535
Bldg5 ne tall pent nw uppei 1066 1534
Bldg5 nw n pent ne upper 1044 1604
Bldg5 nw n pent nw upper 1039 1617
Bldg5 nw 2 pent nw uppei
Bldg5 nw 2 pent ne upper
Bldg5 nw tall pent ne Upper
Bldg5 nw tall pent nw upper
Bldg5 nw tall pent sw upper












263 66 Bldg12a 8th floor ne 1011 1641 168



















83 Bldgl 2 ne
85 StPaul Int n
88 StPaul Int s
86 Pier 3N Bottom
38 Pier2NBottom
37 PierlNBottom
41 Path Station 1 (top)
42 Path Station 2







































C.6 Comparative Validation Regression Analysis
Table C23, Oblique Image Validation,- Regression Analysis for X
Regression: Simulation X as a Function of Image X and Y
DF: R: R-squared: Adj. R-squared: Std. Error:
84 .998 .996 .996 5.305
Source DF:
Analysis of Variance Table
Sum Squares: Mean Square: F-test
REGRESSION 2 623539.96 311769.98 11077.46




Std. Err.: Std. Value: t-Value: Probability:
INTERCEPT -1099.749
Image X 1.005 .007 .998 148.482 .0001
Image Y .005 .014 .002 .343 .7324
Parameter 95% Lower:
Confidence Intervals and Partial F Table
95% Upper: 90% Lower 90% Upper: Partial F:
IMTERCEPT
Image X
.992 1.019 .994 1.016 22046.795
Image Y -.023 .033 -.019 .028 .118
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Table C24, Oblique Image Validation - Regression Analysis for Y
DF:
Regression: Simulation Y as a Function of Image X and Y
R: R-squared: Adj. R-squared: Std. Error:
84 .998 I996 .996 2.824
Source DF:
Analysis of Variance Table
Sum Squares: Mean Square: F-test
REGRESSION 2 161784.073 80892.037 10142.834




Std. Err.: Std. Value: t-Value: Probability:
INTERCEPT -1134.425
Image X
.005 .004 .011 1.501 .1372
Image Y 1.072 .008 .997 141.993 .0001
Parameter: 95% Lower
Confidence Intervals and Partial F Table
95% Upper: 90% Lower 90% Upper: Partial F:
IMTERCEPT
Image X -.002 .013 -.001 .011 2.253
Image Y 1.057 1.087 1.06 1.085 20162.024
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Table C25, Nadir Image Validation - Regression Analysis for X
DF:
Regression: Simulation X as a Function of Image X and Y
R: R-squared: Adj. R-squared: Std. Error:
62 .999 I999 .999 2.565
Source DF:
Analysis of Variance Table
Sum Squares: Mean Square: F-test
REGRESSION 2 297178.805 148589.403 22579.366




Std. Err.: Std. Value: t-Value: Probability:
INTERCEPT 642.606
Image X -.299 .002 -.985 188.074 .0001
Image Y .016 .003 .032 6.091 .0001
Parameter: 95% Lower:
Confidence Intervals and Partial F Table
95% Upper: 90% Lower: 90% Upper: Partial F:
INTERCEPT
Image X -.302 -.296 -.301 -.296 35371.644
Image Y .011 .021 .012 .021 37.096
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Table C26, Nadir Image Validation - Regression Analysis for Y
Regression: Simulation Y as a Function of Image X and Y
DF: R: R-squared: Adj. R-squared: Std. Error:
62 .999 .998 .998 1.582
Source DF:
Analysis of Variance Table
Sum Squares: Mean Sauare: F-test:
REGRESSION 2 96141.604 48070.802 19214.166




Std. Err.: Std. Value: t-Value: Probability:
INTERCEPT 727.706
Image X -.018 .001 -.105 18.547 .0001
Image Y -.299 .002 -1.041 183.408 .0001
Parameter 95% Lower:
Confidence Intervals and Partial F Table
95% Upper: 90% Lower: 90% Upper: Partial F:
INTERCEPT
Image X -.02 -.016 -.02 -.017 343.987
Image Y -.303 -.296 -.302 -.297 33638.57
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Table C27, Line Scanner Validation - Regression Analysis for X
DF:
Regression: Simulation X as a Function of Image X and Y
R: R-squared: Adj. R-squared: Std. Error:
83 .999 I 999 .999 3.924
Source DF:
Analysis of Variance Table
Sum Squares: Mean Square: F-test:
REGRESSION 2 874546.728 437273.364 28402.973




Std. Err.: Std. Value: t-Value: Probability:
INTERCEPT -303.918
Image X
.525 .002 1.007 236.734 .0001
Image Y -.034 .003 -.052 12.175 .0001
Confidence Intervals and Partial F Table
Parameter: 95% Lower: 95% Upper: 90% Lower: 90% Upper: Partial F:
INTERCEPT
Image X .52 .529 .521 .528 56043.029




Table C28, Line Scanner Validation - Regression Analysis for Y
Regression: Simulation Y as a Function of Image X and Y
R: R-squared: Adj. R-squared: Std. Error:
1 1 1.626
Source DF:
Analysis of Variance Table
Sum Squares: Mean Square: F-test
REGRESSION 2 536487.247 268243.624 101513.327




Std. Err.: Std. Value: t-Value: Probability:
INTERCEPT -734.397
Image X -2.878E-5 .001 -7.054E-5 .031 .9751
Image Y .512 .001 1 444.302 .0001
Parameter: 95% Lower:
Confidence Intervals and Partial F Table
95% Upper: 90% Lower: 90% Upper: Partial F:
INTERCEPT
Image X -.002 .002 -.002 .001 .001
Image Y .509 .514 .51 .514 197404.477
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Appendix D, Imaging System Examples
The following section detail a number^of operational and planned imaging
systems. These descriptions are offered as mean of demonstrating the wide
range of capabilities that current imaging systems exhibit.
D.1 Zeiss RMK 15/23
The Carl Zeiss Oberkochen RMK A 15/23 is and airborne frame camera which
takes 230mmx230mm film images for mapping applications. The camera has a
6" focal length f/4.0 lens and acquires imagery on 2 second intervals. Examples
of imagery aquires with the RMK are shown in Figures 32 and 33.
D.2 Modular Imaging Spectrometer Instrument (MISI)
The Center for Imaging Science's Modular Imaging Spectrometer Instrument
(MISI) is a airborne line scanner imaging system which is currently under
construction. Figure D1 shows a schematic diagram of the CIS MISI Scanner.
Light enters the system via a rotating fold mirror and is redirected by a fixed fold
mirror into the telescope assembly. The wavefront exiting the telescope
encounters a pyramidal mirror. This mirror has four folding surfaces situated
about a center bore hole thereby splitting the impinging wavefront into five
separate wavefronts. The non-deflected wavefront, that which passes through
the bore hole, comes to a focus at the entrance pupil of the visible band
monochrometer, as seen in the side view of the schematic. The left and right
deflected wavefronts come to a focus at the entrance pupii of two IR Band
sensor suites.[Schott, et al, 1993] The forward and rear traveling wavefronts










Front View Side View
Figure D1, Schematic Diagram of CIS MISI Scanner System
MISI will collect image data during the time when the scan mirror is pointing
between 45 of nadir. The three focal planes each contain multiple, linearly
arranged detectors. Figures D2, D3 and D4 show schematic diagrams of the
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Figure D3, SMW Focal Plane Detector Arrangement
Scan Direction
1mmI ? ?
12-14u.m 10-12u.m 8-1 O^m 8-14u.m
8.5u.rad
OffAxis
Figure D4, LWIR Focal Plane Detector Arrangement
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detectors are offset from one another in each of the three focal planes, and
since each of the focal planes are offset from one another, as seen in Figure D5,
the ground footprint of the resulting image from each of the detectors will
















Figure D5, MISI Focal Plane Ground Projection
The MISI telescope is a 20mm focal length, F3.333 Dall-Kirkham design. The
operational concept for the MISI calls for 3-axis measurements of aircraft
attitude and a minimum flight altitude of 1000 feet, yielding a system best
resolution of 1 foot.
D.3 Thematic Mapper (TM)
Orbital systems can employ line scanners in the same manner that airborne
platforms do, but even though the area of regard for an orbital sensor is
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enormous, the angular subtence of any given line from a high resolution sensor
is very small (<20) and, as a result, ascanner of the type used for the MISI
would spend proportionately more time in a non-imaging mode (video blanked
or viewing calibration sources) and concomitantly less time integrating the
radiance from the ground scene. An alternative scan strategy was developed for
the Landsat Multi-spectral Scanner which is referred to as whiskbroom
scanning. In place of the spinning scan mirror, an optically flat mirror on a pivot
oscillates back and forth directing the line of sight of the sensor laterally across
the path of the imaging platform. On the MSS this method was used to collect
image data in one direction only as the mechanics of driving the mirror in a
smooth manner during the imaging scan required the use of the non-imaging
scan to impart inertia to the mirror.
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Figure D6, Landsat with Thematic Mapper Sensor
The evolutionary progeny of the MSS'is the Thematic Mapper (TM), depicted in
Figure D6 and schematically realized in Figure D7. Using many of the same
design concepts, the TM sensor was designed to provide better spatial and
spectral resolution, support much higher data rates, and provide better
geometric accuracy.[Lansing, etal, 1979][Salomonson, etal, 1980][Blanchard,
etal, 1980][Engel, etal, 1983] One of the ways that TM was able to collect data
faster, and therefore handle the increase in the number of pixels required for the
high resolution imagery, was to collect image data on both mirror scans.
Further, to improve the geometric accuracy, the TM provided a scan corrector
which parallelized the scan lines so as to remove the inherent overlap at the












Figure D7, Thematic Mapper Schematic
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The TM has seven spectral bands with SWIR and thermal infrared detectors
placed on a cooled focal plane at the end of a relay optical chain. Table D1 lists
the bands available on TM as well as other physical characteristics about the
arrays.
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1 0.45-0.52 Primary 0.01036 0.0207 42.5
2 0.52-0.60 Primary 0.01036 0.0207 42.5
3 0.63-0.69 Primary 0.01036 0.0207 42.5
4 0.76-0.90 Primary 0.01036 0.0207 42.5
5 1.55-1.75 Cooled 0.00533 0.0107 43.75
6 10.4-12.5 Cooled 0.0207 0.0414 170
7 2.08-2.35 Cooled 0.00533 0.0107 43.75
The optical design of the TM consists of an f/6, Ritchey-Chretien telescope
having a 40.6 cm diameter and a focal length of 243.8 cm. The relay optics are
f/3 and have a magnification of 0.5. It is convenient to back out the effect of the
relay optics in order to better understand the relative positioning of the
individual detectors and their associated arrays with respect to one another.
Figure D8 shows the arrangement of the detector arrays as projected onto the
primary focal plane. Landsats 4 and 5 were inserted into orbits having the
characteristics shown in Table D2. The characteristics of the TM scanning
operation are shown in Table D3.
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Angular Position with Respect to Optical Axis
Figure D8, TM Detector Projections at Prime Focal Plane: [Lansing, etal, 1979]




Equatorial Crossing: 9:45 AM
Table D3, TM Scan Parameters
Scan Frequency: 6.9967 Hz
Scan Angle: 0.1343 rad
Scan Efficiency: 85%
Active Scan Time: 60.743 ms [Chen, 1985]
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The combination of the orbital characteristics, scan parameters detector and
optical characteristics result in a system which can achieve a resolution of 30m
for bands 1-5 & 7 and 120m for band 6 with an image swath with is 185 km.
D.4 SPOT HRV
System Probatoire d' Observation de la Terre (SPOT) High Resolution - Visible
(HRV)
The High Resolution Visible (HRV) sensor on the SPOT satellite (Figure D9)
collects imagery using the "pushbroom" technique-fThomson, 1979] The system
samples the scene in one dimension using a linear array comprised of
thousands of detectors and sweeps out the second dimension by allowing the
motion of the satellite to sweep the focal plane image of the scene across the
array. Since each detector need only sweep out a single pixel of image data per
line, as opposed to having to sweep out full lines, the pushbroom detector can
dwell on any given ground point longer, and, therefore, need not have as great
an area. The HRV sensor has the capability of cross-track pointing that gives
SPOT the ability to view the same target on two consecutive days (as opposed
to the 16 day revisit time required by TM) and also the ability to generate stereo
images. This lateral pointing allows the HRV to have access to a 950 km
corridor along the satellites ground track. The HRV field of view is
4.13
resulting in an imaging swath of 60 km wide at nadir and about 81 km at the
maximum lateral look of 27.
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Figure D9, SPOT with High Resolution Visible (HRV) Sensor
The SPOT satellite carries two identical HRV sensors which can be used to look
at two separate targets simultaneously, or, since the swath width of an
individual HRV sensor is relatively small with respect to that of TM, the two
HRV's can be used in the Twin-vertical viewing configuration which results in a
1 17 km wide swath having a overlap (Figure D10).
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Obique and Vertical Viewing Twin-Vertical Viewing
Figure D10, Examples of SPOT imaging Modes
The optical system of the HRV, as seen in Figure D1 1 , consists of a Strip
Selection Mirror (SSM), a catadioptric, f/3.3 Schmidt telescope with 1082 mm
focal length, and a set of dispersive optics. The SSM has 91 selectable
positions (3-93). Step 3 corresponds to 27 west, Step 93 corresponds to 27
east, nadir is Step 48 and twin-vertical is Step 45 for HRV-1 and Step 51 for
HRV-2. Each SSM step corresponds to
0.6
with, as stated previously, Step 48
being equal to zero. The wave front exits the telescope and encounters a set of
dispersive optics. The dispersive optics consist of three dichroic prisms which
provide spectral separation and further direct the wave front to the various
detector arrays, and four beam splitting prisms which, since each band is
comprised of four linear detector arrays, optically combine the sub arrays into
single virtual arrays. The dispersive optics were designed so that each of the
these individual arrays superimpose in a common virtual focal plane resulting in





















Figure D11, High Resolution Visible (HRV) Sensor Schematic








1 0.50-0.59 26x26 3000 3.008
2 0.61-0.69 26x26 3000 3.008
3 0.79-0.90 26x26 3000 3.008
4 0.50-0.90 13x13 6000 1.504
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Table D5, SPOT Orbital Characteristics
Altitude: 832 km
Inclination: 98.7
Equatorial Crossing: 9:45 AM
Repeat Cycle: 26 days
Period: 101.4 min
D.5 HRMSI and Predessesors
High Resolution Multi-Spectral Imager (HRMSI) and predecessors
The concept of having an orbital pushbroom imager which would be capable of
viewing the same target twice on the same pass has it's origins in airborne strip
cameras which performed coincident fore and aft image collections [Kistler,
1946]. This capability allows the collection of stereo pairs of multi-spectral
imagery without having to account for an intervening 24 hours of climatic
changes. No sooner were viable linear array technologies available for
spaceborne applications then designs were appearing for systems capable of
fore and aft strip image collection. Stereosat [Welch, 1981] and Mapsat
[Calvocoresses, 1979] were two examples of what many hoped would be the
embodiment of this concept. For various reasons, neither of these satellites
were produced, but, of late, a new design has been put forth for inclusion on
Landsat 7. The concept has been dubbed the High Resolution Multi-Spectra
Imager (HRMSI) and, since it has made it through the preliminary design stage
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[Hughes, 1993], it seems reasonable that a model of this type of sensor be
included in this effort. (Figure D12)
Figure D12, Landsat with High Resolution Multi-Spectral Imager (HRMSI)
HRMSI is a pushbroom sensor which is capable of being slewed fore and aft as
well as side to side. As a result of HRMSPs pointing ability, the same target will
not only be able to be imaged multiple times on a single pass, as seen in Figure
D13, but it will be able to image it every 3 days as well. The orbital
characteristics for HRMSI are the same as that of the Thematic Mapper because




^ Slew to rearward look
Begin Image 2
End Image 2
Figure D13, HRMSI Same Pass Stereo Collection
The basis of the HRMSI optical system is a 1m focal length Three Mirror
Anastigmatic (TMA) telescope mounted on a two-axis gimbal. The gimbal
positions the line of sight of the optical system prior to the start of imaging and
remains fixed during the image scan. The basic setup of the optical system is









Figure D14, Schematic of HRMSI Optical System
The HRMSI sensor has 5 spectral bands, 4 visible/near IR bands (VNIR1-4) ,
and a panchromatic band (PAN). The characteristics of these detector arrays
are detailed in Table D6 and Figure D15.
Table D6, HRMSI Detector Characteristics
Band Bandpass Detector detector Number of Ground
Size pitch detectors Resolution
AT/CT (nm) AT/CT
PAN 500-900 nm 5.4/8.0 50/7 mm >6200 5m
VNIR4 48535 nm 10.0/15.0 25/14 mm >12500 10m
VNIR3 56040 nm 10.0/15.0 25/14 mm >12500 10m
VNIR2 66030 nm 10.0/15.0 25/14 mm >12500 10m
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Figure D15, HRMSI Focal Plane Layout






Line Rate (PAN / VNIR) 0.74 ms / 1 .48 ms
Swath Width 30 km (at nadir)
Scan Rate 1 .48 ms
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